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Abstract

This Master of Science thesis investigates the surface metallization of additively manufactured carbon
fiber-reinforced thermoplastic Polycarbonate using the cold spray technique. Cold spray is an emerging
solid-state coating process that deposits metallic powders onto various substrates via high-velocity
impact, minimizing oxidation and thermal degradation making it especially suitable for temperature-
sensitive materials like polymers and polymer matrix composites (PMCs).

The metallization of PMCs, including carbon fiber-reinforced polymers (CFRPs), is of growing interest for
improving their mechanical, electrical, and thermal conductivity, as well as resistance to erosion,
radiation, and lightning. However, achieving strong adhesion between the metal coating and the polymer
substrate remains challenging, as bonding is mainly based on mechanical interlocking rather than
chemical interaction.

In this study, pure aluminum powder was deposited onto carbon fiber-reinforced polycarbonate (CFR-PC)
substrates using a high-pressure cold spray system. A total of 44 different parameter sets were tested.
Key process parameters including gas pressure, temperature, powder feed rate, stand-off distance, and
traverse velocity were systematically varied to optimize adhesion. One major issue encountered was
substrate erosion under high temperature and pressure conditions. Conversely, low temperature and
pressure led to poor particle penetration and weak coating adhesion. Delamination occurred either after
spraying or during sample preparation due to high residual stress and insufficient mechanical
interlocking.

Deposition was achieved purely through mechanical interlocking, with negligible chemical bonding.
Nevertheless, a few specific process windows resulted in coatings that could withstand mechanical
forces during cutting and grinding.

Coating characterization included adhesion tests, microhardness measurements, and electrical
conductivity evaluation. Results demonstrate that, under optimized conditions, cold spray enables
effective metallization of CFRP substrates, supporting future development of functionalized polymer
composites for aerospace, defense, and other high-performance applications.



Abstract (Italiano)

La presente tesi di Laurea Magistrale analizza la metallizzazione superficiale di polimeri termoplastici
rinforzati con fibre di carbonio, realizzati mediante manifattura additiva, attraverso la tecnologia di
deposizione a freddo (Cold Spray). Il Cold Spray € un processo emergente di rivestimento in stato solido
che consente la deposizione di polveri metalliche su diversi substrati tramite impatto ad alta velocita,
riducendo l'ossidazione e prevenendo la degradazione termica. Cio lo rende particolarmente adatto a
materiali sensibili alla temperatura, come i polimeri e i compositi a matrice polimerica (PMC).

La metallizzazione dei PMC, inclusi i polimeri rinforzati con fibre di carbonio (CFRP), & di crescente
interesse per il miglioramento delle proprieta meccaniche, elettriche e termiche, oltre che per 'aumento
della resistenza all’erosione, alle radiazioni e ai fulmini. Tuttavia, ottenere un’adesione efficace tra
rivestimento metallico e substrato polimerico rimane complesso, poiché il legame si basa principalmente
sull'ancoraggio meccanico, pil che su interazioni chimiche.

In questo studio, & stata effettuata la deposizione di polvere di alluminio puro su substrati in
policarbonato rinforzato con fibre di carbonio, utilizzando un sistema Cold Spray ad alta pressione. Sono
stati analizzati 44 set di parametri, variando sistematicamente pressione e temperatura del gas, portata
della polvere, distanza di lavoro e velocita di avanzamento per ottimizzare I'adesione. Un problema
rilevante & stato I'erosione del substrato ad alte pressioni e temperature, mentre valori troppo bassi
hanno portato a una scarsa penetrazione delle particelle e a un rivestimento debole. Il distacco del

rivestimento si e verificato dopo la deposizione o durante la preparazione metallografica a causa di
tensioni residue e ancoraggio meccanico insufficiente.

Il meccanismo di adesione & avvenuto esclusivamente per effetto meccanico. Tuttavia, alcune condizioni
operative hanno portato a rivestimenti capaci di resistere a taglio e lucidatura.

La caratterizzazione ha incluso prove di adesione, microdurezza e conducibilita elettrica. | risultati
confermano che, in condizioni ottimizzate, il Cold Spray puo metallizzare efficacemente substrati CFRP,
promuovendo lo sviluppo di compositi funzionalizzati per applicazioni avanzate.
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Chapter 1: Introduction to the Cold Spray Technology

Cold Spray (CS), also known as Cold Gas Dynamic Spraying (CGDS), is a solid-state coating technique
in which fine powder particles (typically 1-50 um) are accelerated to supersonic velocities (300—
1200 m/s) through a de Laval nozzle using a high-pressure, preheated carrier gas, such as nitrogen or
helium [1, 2].

Unlike traditional thermal spray processes, Cold Spray does not rely on melting the sprayed material;
instead, deposition occurs due to the particles’ high kinetic energy, leading to plastic deformation
upon impact with the substrate [3].

The fundamental advantage of Cold Spray over conventional thermal spray techniques—such as
flame spraying, plasma spraying, and high-velocity oxygen fuel (HVOF) spraying—is its ability to
deposit coatings without significant heat input. In thermal spray methods, melting or partial melting
of the feedstock material is required, leading to potential oxidation, phase transformations, and
residual thermal stresses [2]. Figure 1. shows a map of carrier-medium temperature versus metallic
particle velocity in various thermal spraying methods.
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Figure 1. Map of carrier-medium temperature versus metallic particle velocity in various thermal spraying methods.
Colors indicate the type of energy input: gray — electrical; orange — chemical; blue — kinetic energy. [1]
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Cold Spray technology can minimize oxidation, coating porosity, phase transformations, formation of
heat affected zone (HAZ) and thermal residual stresses which are severe problems in other thermal
spray coating processes [3].

Cold Spray technology has found applications across various industries, including aerospace,
automotive, defense, and biomedical fields [2].

It is particularly useful for repairing worn-out or damaged components, as well as for producing
high-performance coatings with enhanced corrosion resistance, electrical conductivity, and wear
resistance. Additionally, Cold Spray can deposit a wide range of materials, including metals (e.g.,
aluminum, copper, titanium), metal matrix composites, and even certain ceramics and polymers [3].

With ongoing advancements in nozzle design, powder feedstock optimization, and process control,
Cold Spray continues to evolve as a key surface engineering technology, offering new opportunities
for coating deposition, additive manufacturing, and structural repair applications [2]. Figure 2. shows
classification of technological, physical, and output factors of the cold spray process.

Physical factors

Figure 2. Classification of technological, physical, and output factors of the cold spray process.[1]
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Chapter 2: State of the art

This chapter provides an overview of cold spray (CS) technology, with a focus on its evolution, operating
principles, and parameters influencing deposition behavior. While most foundational research has
focused on metallic substrates, recent attention has shifted toward applying CS on polymer-based
composites. This shift is critical in the context of this thesis, which explores the cold spray metallization
of carbon-fiber-reinforced polycarbonate (CFR-PC), a polymer composite substrate manufactured via
large-format additive manufacturing.

2.1 History of the Cold Spray Technology

Cold spray technology, despite being the newest member of the thermal spray family, has historical
roots that date back over a century, even preceding the advent of thermal spray processes. Early
patents laid the groundwork for what would eventually evolve into modern cold spray technology.

In 1900, Thurston patented a method for applying metal onto another surface using pressurized gas
to propel metal particles. Figure 3 shows Thurston method. These particles, upon impact, would
embed themselves into the substrate, forming a coating. However, due to limitations in gas velocity,
the particle speeds did not exceed 350 m/s, restricting the range of materials that could be
effectively deposited. To enhance this method, Thurston later proposed heating the substrate, which
could have improved adhesion but still faced significant constraints in coating capabilities [4].

Mo, 708,700 Patentsd Aug. 12, 1902.
& 1. THORSTON. -
NETROO OF INPACTIAG OXK METAL UPON ANOYRER
o Baleld

3

Figure 3. Thurston patent, “Method of Impacting One Metal on Another,” 1902.[4]
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More than five decades later, in 1958, Rocheville introduced a significant advancement by
incorporating a De Laval supersonic nozzle to accelerate fine powder particles using high-pressure
air. This method increased particle velocity, improving deposition efficiency. However, challenges
related to nozzle and powder feeder design hindered the production of thick coatings, as the process
did not achieve sufficiently high particle velocities for robust deposition [4].

The most pivotal breakthrough occurred in the 1980s in Novosibirsk, Russia, where scientists at the
Institute of Theoretical and Applied Mechanics (ITAM) of the Russian Academy of Sciences
discovered what they termed the "cold spray" phenomenon. Using advanced gas dynamics
diagnostic tools, they developed a method for accelerating powder particles via a high-pressure gas
at temperatures significantly below their melting points. This innovation enabled the deposition of
dense, highly bonded coatings made from a variety of materials, including metals, alloys, polymers,
and composites. The resulting process, called the cold gas dynamic spray method, revolutionized the
coating industry by allowing for superior adhesion and material versatility [4,5 and 6].

Following the dissolution of the Soviet Union, the 1990s saw significant dissemination of cold spray
technology. Notably, Dr. Anatolii Papyrin, one of the pioneering researchers, collaborated with
international institutions, including the Applied Research Laboratory at Pennsylvania State
University. This collaboration facilitated further research and development, leading to broader
recognition and adoption of cold spray techniques in various industries worldwide [5, 6].

The early 2000s marked the commercialization of cold spray technology, with companies developing
specialized equipment and systems for industrial applications. Research institutions and commercial
entities worked together to refine the process, improving deposition efficiency, and expanding its
applications in aerospace, automotive, and repair industries. The unique ability of cold spray to
deposit materials without significant thermal effects makes it invaluable for applications requiring
minimal thermal distortion and oxidation [5, 6].

13



2.2 Cold Spray Equipment

Cold spray equipment can operate under high-pressure or low-pressure conditions, each with
distinct characteristics. High-pressure cold spray (HP-CS) systems use gas pressures above 1 MPa (10
bar), typically with helium or nitrogen as the carrier gas. The gas is heated to temperatures up to
1100°C to enhance particle acceleration without melting. These systems include a high-pressure gas
supply, a gas heater, a controlled powder feeder, and a converging-diverging (De Laval) nozzle that
accelerates particles to supersonic speeds (300-1200 m/s). HP-CS is widely used for structural
repairs, wear-resistant coatings, and additive manufacturing due to its ability to deposit strong,
dense metallic coatings. In contrast, low-pressure cold spray (LP-CS) operates at gas pressures below
1 MPa (typically 0.5-0.9 MPa) and generally uses air or nitrogen as the carrier gas. The gas
temperature is lower, typically up to 600°C, and the system employs a straight nozzle for subsonic or
near-sonic particle acceleration (300-600 m/s). LP-CS is more cost-effective and consists of a low-
pressure gas supply, a suction-based powder feeder, and a handheld or robotic applicator. Figure 4
shows photos of commercial cold spray apparatus, a high-pressure cold spray system (Impact
Innovations, Germany) and a low-pressure cold spray system (SST, Centreline, Canada)

Figure 4. Photos of commercial cold spray apparatus. a high-pressure cold spray system (Impact Innovations,
Germany) and low-pressure cold spray system (SST, CentrelLine, Canada) [12].
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2.2.1 Low pressure cold spray (LPCS)

LP-CS is an emerging solid-state coating technology that operates at lower gas pressures and
temperatures compared to High-Pressure Cold Spray (HP-CS). LP-CS typically employs compressed air or
nitrogen at pressures ranging from 0.5 to 1 MPa (5—-10 bar) and temperatures up to 550°C [8]. Unlike HP-
CS, where powder injection occurs before the throat of the nozzle, LP-CS introduces the powder in the
diverging section, resulting in lower particle velocities, typically around 600 m/s. These differences lead
to distinct bonding mechanisms, making LP-CS particularly suitable for applications requiring low process
temperatures and minimal substrate deformation [22, 23].

Process Mechanism and Equipment Configuration

LP-CS equipment consists of a low-pressure gas supply, a heater, a suction-based powder feeder, and a
straight or De Laval nozzle. Figure 5.b shows low-pressure cold spray process configuration. The lower
velocity impact in LP-CS primarily promotes mechanical interlocking and localized deformation, rather
than the metallurgical bonding observed in HP-CS. This process configuration makes LP-CS more cost-
effective, with simpler equipment setups and lower operating costs [25]. Additionally, LP-CS systems are
often portable, making them suitable for on-site repairs and localized coating applications [24].
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Figure 5. Scheme of (a) high-pressure cold spray and (b) low-pressure cold spray process configurations.[10]

Material Deposition and Applications

LP-CS is widely used for depositing soft metals such as copper, zinc, and aluminum, offering significant
advantages in corrosion protection, electrical conductivity coatings, and restoration of worn or damaged
components. The process is particularly effective for repairing casting defects and restoring material loss
in metal components [23]. Studies have shown that deposition efficiency in LP-CS is influenced by several
factors, including gas temperature, standoff distance, powder feeding rate, and transverse speed.
Spherical copper particles, for instance, exhibit higher deposition efficiency and denser coatings
compared to dendritic particles [22].

Additionally, LP-CS has demonstrated potential for depositing composite materials, such as Zn+AIl+Al,03,
which provide enhanced corrosion resistance and mechanical strength, making them ideal for structural
repairs and protective coatings. Computational analysis using smoothed particle hydrodynamics (SPH)
simulations has shown that LP-CS results in lower porosity compared to HP-CS when depositing
lightweight materials such as aluminum [26].
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Advancements in LP-CS Technology

Recent research has focused on optimizing LP-CS parameters to improve deposition efficiency and
expand its range of applications. LP-CS has shown promise in depositing metal matrix composites with
high ceramic content and even all-ceramic coatings through tailored feedstock preparation techniques
[27]. Portable LP-CS systems now incorporate ceramic nozzle inserts for extended operation and non-
pressurized rotating-vibratory powder feeders to ensure stable powder delivery [24].

Moreover, LP-CS produces coatings with compressive residual stresses, which enhance the bioactivity,
corrosion resistance, and wear resistance of biomaterials [28]. A related deposition technology, Very
Low-Pressure Plasma Spray (VLPPS), operates at even lower pressures (<800 Pa) and achieves deposition
rates significantly higher than physical or chemical vapor deposition, while maintaining dense, high-
quality coatings [29].

Challenges and Future Prospects

Despite its advantages, LP-CS faces challenges related to adhesion strength and coating density,
particularly when depositing harder materials. The lower particle velocity and impact energy compared
to HP-CS may limit its applicability for certain structural coatings requiring high mechanical performance.
Further research is needed to refine nozzle designs, optimize process parameters, and explore new
material feedstocks that improve bonding mechanisms in LP-CS coatings [25].

Ongoing advancements in computational modeling and in-situ diagnostics are expected to enhance
process control, leading to more precise deposition strategies and improved coating quality. As LP-CS
continues to develop, its applications are likely to expand into new fields such as biomedical coatings,
advanced electronics, and sustainable manufacturing [28].

2.2.2 High pressure cold spray (HPCS)

High-Pressure Cold Spray (HP-CS) is an advanced solid-state coating and additive manufacturing
technology that utilizes supersonic gas flow to accelerate powder particles to high velocities, enabling
dense and oxide-free deposition. HP-CS systems operate with helium or nitrogen as carrier gases,
reaching pressures up to 7 MPa (70 bar) and temperatures as high as 1,000°C. This process is widely used
in applications requiring superior bond strength, high-density coatings, and oxidation-resistant layers,
making it an essential technique in aerospace, automotive, and industrial repair sectors [31, 32].
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Process Mechanism and Equipment Configuration

HP-CS equipment consists of a high-pressure gas supply, a gas heater, a powder feeder, and a converging-
diverging (De Laval) nozzle. Figure 5.a shows the high-pressure cold spray process configuration. Unlike
Low-Pressure Cold Spray (LP-CS), where powder is introduced in the diverging section of the nozzle, HP-
CS injects the powder before the nozzle throat. This configuration allows for complete acceleration of
particles before impact, ensuring optimal kinetic energy transfer. As the gas expands through the nozzle,
it undergoes a rapid pressure drop, converting thermal energy into kinetic energy and propelling the
particles at supersonic speeds (~1,000 m/s). Upon impact, these solid particles deform plastically,
bonding to the substrate through a combination of mechanical interlocking and metallurgical
interactions [33, 34].

Advantages and Industrial Applications
HP-CS offers several advantages over traditional thermal spray techniques and LP-CS, including:

e Superior Bond Strength: The high particle velocity enables strong adhesion through plastic
deformation and mechanical interlocking [35].

e Dense, Oxide-Free Coatings: The solid-state nature of the process prevents oxidation and phase
transformations, preserving the feedstock material's original properties.

e Retention of Bulk Material Properties: HP-CS coatings exhibit minimal thermal effects, making
them ideal for temperature-sensitive applications [36].

e Additive Manufacturing Capabilities: HP-CS can be used to build three-dimensional components
layer by layer without the thermal distortions associated with fusion-based techniques [33].

Due to these benefits, HP-CS has been extensively adopted across various industries:

e Aerospace and Defense: Used for repairing turbine blades, corrosion protection, and
dimensional restoration of critical components [31].

e Automotive and Industrial Equipment: Applied in wear-resistant coatings and surface
modifications for improved durability [32].

e Corrosion Protection: HP-CS is used to deposit noble materials, passivation layers, and cathodic
protection coatings, improving resistance to environmental degradation [38].

e Polymer-Metal Interface Coatings: HP-CS has been employed to enhance the mechanical
performance of polymer substrates through metallic coatings [37].
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Comparison of HP-CS and LP-CS

HP-CS and LP-CS differ significantly in terms of deposition characteristics and material performance.
While HP-CS offers higher bond strength and denser coatings, LP-CS provides superior tribological
properties, including lower friction coefficients and improved wear resistance in specific applications. A
comparative study on aluminum coatings revealed that LP-CS resulted in higher micro-hardness and
better wear properties, emphasizing the importance of selecting appropriate spray parameters based on
material properties and intended application [39].

Process Optimization and Research Developments
The effectiveness of HP-CS coatings depends on several key parameters:

e Gas Pressure and Temperature: Higher pressures and temperatures improve particle
acceleration and deposition efficiency [35].

e Nozzle Design: Optimizing nozzle geometry enhances particle velocity and impact energy,
influencing coating quality [33].

e Particle Adhesion Mechanisms: Studies on particle-substrate interactions contribute to improved
bonding performance and durability [34]

e Material Feedstock Selection: The choice of powder feedstock, including composite materials
and metal blends, plays a crucial role in determining coating characteristics.

Ongoing research focuses on refining HP-CS techniques to expand its industrial applications.
Developments in computational modeling, real-time process monitoring, and machine learning-driven
parameter optimization are expected to enhance the efficiency and precision of HP-CS deposition
strategies [36].

Challenges and Future Perspectives

Despite its advantages, HP-CS faces challenges that need to be addressed to maximize its industrial
adoption:

e Gas Cost and Efficiency: Helium, while offering superior particle acceleration, is expensive,
prompting research into optimized nitrogen-based HP-CS processes [38].

e Deposition of Brittle Materials: While ductile metals like aluminum and copper are well-suited
for HP-CS, brittle materials require specialized processing techniques to achieve strong adhesion
[35].
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e Wear and Tear on Nozzles: The high-speed gas-particle interaction causes nozzle erosion over
time, necessitating advancements in nozzle material and design [32].

Future advancements in HP-CS technology are expected to focus on improving process sustainability,
broadening the range of materials that can be effectively deposited, and enhancing process automation
for large-scale manufacturing applications [33].

2.2.3 Advantages and Disadvantages

Like any materials processing technique, cold spray technology has its own set of benefits and
limitations. Its primary advantage lies in its solid-state deposition process, which enables unique coating
characteristics. However, its reliance on plastic deformation can lead to challenges, particularly in
maintaining coating ductility. Below is an overview of the key advantages and disadvantages.

ADVANTAGES

e High Deposition Efficiency & Cost-Effectiveness
o Rapid coating application with minimal material waste.
o Lower overall processing costs compared to conventional methods.
e Superior Coating Properties
o High-density, low-porosity coatings with excellent mechanical strength.
o Strong adhesion and improved durability against wear and corrosion [40].
e Retention of Material Properties
o Minimal oxidation, phase transformations, and grain growth.
o Ideal for oxygen-sensitive and thermally unstable materials, including hydroxyapatite for
biomedical coatings [28].
e Versatility in Material & Substrate Selection
o Supports a wide range of metals, composites, and ceramics.
o Compatible with diverse substrates, including polymers and temperature-sensitive
materials.
e Compressive Residual Stresses
o Enhances fatigue resistance and extends component lifespan.
o Essential for aerospace and defense applications requiring structural integrity.
e Sustainable & Environmentally Friendly
o Reduces energy consumption and hazardous waste.
o No combustion gases or toxic chemicals involved.
e Effective for Repair & Restoration
o Enables component repairs without thermal distortion.
o Ideal for refurbishing high-value aerospace and industrial parts.
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DISADVANTAGES

e Limited Material Compatibility
o Pure ceramics and certain hard alloys require high plastic deformation, making them
difficult to deposit effectively.
o Reduced bond strength when applied over ceramic substrates [41].
e Challenges in Coating Complex Geometries
o Directional spraying constraints limit coating of internal surfaces and intricate shapes.
o Reduced efficiency in applications requiring uniform coverage over non-planar surfaces
[401].
e Potential Loss of Ductility
o Severe plastic deformation during deposition may reduce coating ductility and
mechanical performance.
e Higher Equipment and Maintenance Costs
o Requires specialized high-pressure gas systems and precision nozzles.
o More expensive than conventional thermal spray methods in terms of equipment and
relatively high operational costs in case of HP-CS [41].
e Strict Process Control Requirements
o Effective adhesion relies on precise control of particle velocities and deposition
parameters.
o Process variability may lead to inconsistent coating properties if not carefully optimized
[41]
e Emerging Technology with Limited Data
o Less application history and material property data available compared to traditional
thermal spraying.
o Further research needed for full industrial adoption and standardization [28, 40].

2.3 Bonding mechanism

Bonding in cold spray occurs primarily through mechanical interlocking and, to a lesser extent,
metallurgical or chemical interactions [7, 65]. For polymer substrates such as CFRP-polycarbonate,
mechanical interlocking dominates due to the lack of metallurgical bonding pathways. The high-velocity
impact of particles results in localized plastic deformation, allowing them to anchor into surface
asperities. However, due to the elastic and thermal properties of polymers, achieving robust adhesion
remains challenging. Substrate roughness, ductility of the matrix, fiber orientation, and pre-treatment
methods all influence adhesion outcomes [65, 73]. Figure 6 shows a typical cross-sectional view of a
particle penetrated inside a stainless-steel substrate.
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Figure 6. Typical cross-sectional view of a single WC-12Co deposit on a stainless-steel substrate. [14]

2.3.1 Mechanical interlocking

Mechanical interlocking is the dominant adhesion mechanism when cold spraying onto polymer
substrates. During particle impact, localized plastic deformation of the ductile polymer matrix allows for
embedding and anchoring of metal particles [14, 72]. In CFRP-polycarbonate substrates, the
polycarbonate phase undergoes localized flow while the carbon fibers, being rigid, resist deformation—
leading to heterogeneous bonding conditions [71]. This mismatch in mechanical response can reduce
coating uniformity and adhesion strength. The development of rivet-like features and vortex structures
at the interface improves interfacial strength, but the process is highly sensitive to the fiber architecture
and impact velocity. Figure 7 shows particle penetration into substrate.

The impact of cold spray particles generates significant residual stresses within the substrate and
coating. These stresses influence adhesion strength and coating durability, particularly in polymeric
substrates that exhibit lower elastic modulus compared to metals [71]. Post-deposition annealing or
thermal treatments may be required to mitigate stress-induced delamination in certain applications.
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Figure 7. (a) Top, (b) cross section view of cold sprayed Ti single particles and (c) contours of the effective plastic
stain (left) and temperature (right) at 24 ns after a Cu particle. impacting on a Cu substrate at a velocity of 500
m/s—1 and a temperature of 500 m/s-1 and a temperature of 27 °C. and b is adapted from Ref. [72] and c is
adapted from [14]
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Role of Process Parameters and Surface Pre-Treatment in Bonding Efficiency

For cold spray metallization of polymers, optimizing process parameters is essential for improving
adhesion. Higher gas temperatures increase particle plasticity and velocity, promoting deformation and
embedding, but can also lead to substrate erosion or softening if thresholds are exceeded [36, 50, 51].
Similarly, high particle velocities improve mechanical anchoring but may cause fiber damage in CFRP
substrates. Surface treatments such as grit blasting, plasma activation, or chemical etching increase
surface roughness and energy, thus facilitating stronger particle anchoring [44, 73]. In CFRP-PC, both
carbon fiber alignment and polymer ductility influence the success of such treatments, making careful
pre-treatment selection critical for coating consistency. Figure 8 shows a schematic representation of the
impact behavior of different particle-substrate hardness combinations. The interaction between process
parameters and surface treatments must be optimized to achieve high deposition efficiency and coating
durability.

Hard Feedstock Soft Feedstock Hard Feedstock Soft Feedstock
Soft Substrate Soft Substrate Hard Substrate Hard Substrate
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Figure 8. A schematic represents the impact behavior of different particle-substrate hardness combinations. [15]

Chemical Bonding at metal-polymer interface

Although mechanical interlocking is the primary bonding mechanism in cold spray for polymers, limited
evidence suggests that chemical interactions may also contribute under certain conditions [72, 44].
Oxide films on metal particles can interact with polar functional groups introduced on the polymer
surface through plasma or laser activation. These treatments modify surface chemistry, enhancing
wettability and enabling weak interatomic bonding. For instance, at the Al/PEEK interface, chemical
complexes have been observed under favorable surface conditions. However, in CFRP-PC composites,
such chemical bonding remains secondary to mechanical anchoring due to the composite’s structural
and chemical complexity [65].

Cold spray deposition of aluminum onto CFRP-polycarbonate (CFRP-PC) substrates involves additional
complexities due to the composite nature of the substrate. Polycarbonate, as a thermoplastic, exhibits
lower hardness and higher deformability compared to carbon fibers, leading to heterogeneous impact
behavior. The presence of spherical carbon fibers influences energy dissipation and particle adhesion,
affecting coating uniformity.
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A researcher reported that successful metallurgical bonding in cold spray requires oxide-free mating
between the deposited particles and substrate, which is challenging for polymer-based materials.
However, localized material flow and dynamic recrystallization may facilitate bonding under optimized
conditions. Advanced numerical modeling techniques, such as finite element simulations, have been
employed to predict impact dynamics, residual stress distribution, and interfacial bond strength in such
heterogeneous substrates [65].

Cold spray metallization of polymers and polymer composites, particularly CFRP-PC substrates, is a
promising technique for various applications, including electromagnetic shielding, lightning strike
protection, and structural reinforcement [1]. The bonding mechanisms are complex and involve
mechanical interlocking, adiabatic shear instability, and, in some cases, chemical bonding facilitated by
oxide films. Process optimization through numerical modeling and experimental studies continues to be
a crucial area of research to enhance coating adhesion and deposition efficiency. Future work should
focus on refining process parameters, exploring surface treatments, and further investigating interfacial
phenomena, including stress relaxation mechanisms, to unlock the full potential of cold spray technology
for polymer-based substrates.

2.4 Process Parameters

The success of cold spray metallization on CFRP-polycarbonate substrates is highly dependent on key
process parameters, including gas temperature, pressure, standoff distance, and feed rate [36, 42]. Due
to the low thermal stability and heterogeneous mechanical structure of CFRP-PC composites, the
operational window for successful coating is narrower and requires precise parameter control. While
higher gas temperature and pressure enhance particle velocity and deformation, they may also lead to
substrate erosion or degradation [50, 51]. Taguchi analysis and parameter selection maps have been
applied to determine that gas temperature and standoff distance significantly impact adhesion and
coating thickness [42, 43]. For CFRP-based polymers, process parameters must be carefully optimized to
achieve mechanical interlocking without compromising the polymer matrix.
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2.4.1 Gas parameters

Successful polymer metallization via Cold Spray hinges on a precise energy balance, which is managed
through gas temperature, pressure, and the choice of carrier gas [1]. The primary role of gas
temperature is to thermally soften the polymer substrate, a dominant mechanism that allows hard metal
particles to embed and adhere upon impact. Gas pressure provides the kinetic energy for this by
accelerating the particles, but this creates a critical trade-off, as excessive velocity can erode the soft
polymer rather than build a coating. The process must therefore be optimized to use temperature to
create a receptive surface while applying just enough pressure to ensure bonding without causing
destructive erosion [1].

The choice of carrier gas is a key lever in this optimization, as it governs particle acceleration and energy
transfer efficiency [1]. Due to its higher sound velocity, helium as a carrier gas results in higher particle
velocities and denser coatings compared to nitrogen or air [44]. As a cost-effective alternative, nitrogen-
helium mixtures can still significantly improve particle velocity and coating quality over pure nitrogen
[46]. The higher velocities achieved with helium or its mixtures typically lead to reduced porosity,
increased hardness, improved grain refinement [46], and higher fracture toughness due to increased
strain hardening [45]. However, the effects are complex, with some studies showing that coating
adhesion and corrosion resistance can be superior when using nitrogen-containing gas mixtures [44, 45].

2.4.1.1 Gas Temperature

In polymer metallization, gas temperature affects both the acceleration and pre-heating of particles. Gas
temperature denotes the thermal state of the carrier gas as it exits the nozzle, transporting the metal
particles toward the substrate. Higher temperatures reduce the critical velocity needed for adhesion,
improving coating density and bonding [47]. However, excessive heating can damage polymer substrates,
especially polycarbonate, leading to erosion or softening [50]. Therefore, for CFRP-PC substrates, gas
temperature must be finely tuned to enhance deposition efficiency without degrading the substrate.
Figure 9 shows the increase in particle temperature (a) and increase in particle velocity (b), with the
increase in working gas temperature.

26



Pressure of Warking Gas: 3MPa | Prezoure of\\’o}mg ofa-, 3MPa

| —e—Measured by DPV2000 ||
=& Sunulation

Particle Temperature ("C)
Particle Average Velocity (m/s)

. : ; ! I 550 I ] I
50 200 250 300 350 400 450 150 200 250 300 350 400 450

1
Temperature of Working Gas (°C) Temperature of Working Gas (°C)
(a) (b)

50

Figure 9. The particle temperature calculated (a) and the particle velocity calculated compared with the measured
ones (b) at the center of gun exit [30].

Influence of Gas Temperature on Deposition Efficiency and Coating Bonding

Elevated gas temperatures significantly improve deposition efficiency by increasing particle velocity and
kinetic energy, thereby strengthening mechanical interlocking at the interface especially critical for
bonding to low-surface-energy polymers like CFRP-PC. Klinkov et al. demonstrated that elevated gas
temperatures decrease the required powder mass for effective substrate activation, allowing for faster
nozzle movement and improved material utilization [49]. Similarly, Gilmore et al reported that
deposition efficiencies as high as 95% could be achieved with increased particle velocity, underscoring
the strong correlation between gas temperature, particle acceleration, and deposition efficiency [48].
Figure 10 shows effects of nitrogen gas temperature on the penetration depth of Cu particles (bottom)
and weight gain of the embedded particles (top) on various polymeric substrates.
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Figure 10. Effects of nitrogen gas temperature on the penetration depth of 27-umdiameter Cu particles (top) and
weight gain of the embedded particles (bottom) on various polymeric substrates [9]

Effect on Coating Adhesion and Substrate Integrity

Gas temperature is directly linked to coating adhesion and substrate integrity. While increased
temperatures typically enhance adhesion strength by improving particle embedment, excessive heat
risks damaging thermally sensitive substrates like CFR-PC through matrix softening or fiber exposure [50,
51]. For example, studies on tin (Sn) coatings applied to carbon fiber-reinforced polymers (CFRPs)
showed enhanced adhesion at 250°C compared to 200°C due to improved mechanical interlocking [50].
Similarly, aluminum (Al) coatings on polyether ether ketone (PEEK) exhibited superior adhesion strength,
electrical conductivity, and thermal diffusivity with increasing gas temperature [51]. However, beyond a
threshold of 250°C, CFRP substrates were observed to degrade, emphasizing the need for precise
temperature control in cold spray applications [50]
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Relationship Between Gas Temperature and Particle Motion

The impact of gas temperature on cold spray deposition is strongly linked to its effect on supersonic
driving flow and particle acceleration. As gas temperature increases, the energy available for particle
motion intensifies, resulting in higher impact velocities and improved deposition efficiency [47].
Additionally, optimization of process parameters such as gas temperature and pressure can be achieved
using parameter selection maps, which facilitate targeted adjustments to achieve desired coating
characteristics [43].

Effect of gas temperature on Cold Spray Metallization of Polymers

Cold spray metallization of polymers is significantly influenced by gas temperature. Higher gas
temperatures lead to increased particle impact velocities and temperatures, resulting in improved
deposition efficiency and coating adhesion [47, 51]. For aluminum coatings on PEEK, higher gas
temperatures produce denser coatings with enhanced adhesive strength, electrical conductivity, and
thermal diffusivity [51]. The carrier gas temperature affects both particle acceleration and heating before
injection, reducing the critical velocity for deposition [47]. Single particle impact experiments reveal that
particle-substrate interactions differ between polymers and metals, with particle temperature relative to
the polymer's glass transition temperature playing a crucial role [67].

Considerations and Challenges in Gas Temperature Optimization

While elevated gas temperatures enhance deposition efficiency and coating adhesion, they also present
several challenges. One of the primary concerns is the increased oxygen and nitrogen incorporation at
particle boundaries in titanium coatings, which can affect their mechanical and chemical properties.
Another critical factor is the impact of nozzle material on outlet gas temperature, which in turn
influences particle velocity and deposition characteristics [52]. These considerations highlight the
importance of a balanced approach in gas temperature selection to optimize performance while avoiding
unwanted material interactions and substrate damage.

Gas temperature serves as a fundamental factor in cold spray processes, affecting particle velocity,
deposition efficiency, coating adhesion, and substrate interaction. While elevated temperatures
generally improve deposition outcomes, excessive heating can lead to substrate degradation and
undesirable compositional changes. A comprehensive understanding of the interplay between gas
temperature, particle acceleration, and deposition mechanisms is essential for optimizing cold spray
processes across diverse applications.
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2.4.1.2 Gas Pressure

In cold spray of CFRP-PC composites, gas pressure is critical for achieving sufficient impact velocity. Gas
pressure refers to the pressure of the carrier gas as it exits the nozzle, propelling the metal particles
toward the substrate. Higher pressure improves particle deformation and bonding, but also risks
damaging the polymer surface or exposing fibers [54]. The optimal pressure must be selected to balance
effective bonding with substrate integrity, particularly for hybrid thermoplastic-fiber systems.

Influence of Gas Pressure on Deposition Efficiency and Coating Quality

Higher gas pressures contribute to increased particle impact velocity, which improves mechanical
interlocking, reduces porosity, and enhances coating adhesion. Studies on copper deposition on
aluminum have shown that deposition efficiencies of up to 95% were achieved with a critical velocity of
640 m/s [48]. Similarly, titanium coatings exhibited reduced porosity and increased microhardness when
deposited at higher gas pressures and temperatures [53]. Studies on metal-polymer systems indicate
that gas pressure influences particle plasticity and oxide layer disruption, both of which contribute to
denser, more adherent coatings, even in non-conductive, low-surface-energy substrates like CFR-PC.
Figure 11 shows influence of gas pressure on various CS parameters in the deposition of 27-pum-diameter
Cu particles on PEEK substrate.
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Figure 11. Influence of gas pressure on various CS parameters in the deposition of 27-um-diameter Cu particles on
PEEK substrate at 300 °C. [1]

Effect of gas pressure on Cold Spray Metallization of Polymers

In cold spray metallization of polymers, gas pressure plays a crucial role in determining coating density
and adhesion strength. Elevated gas pressure improves particle plastic deformation and contributes to
oxide layer fracture, both of which enhance mechanical interlocking and adhesion strength. However, for
polymer substrates, degradation is a risk in higher pressures. The relationship between the elastic
modulus of the coating and substrate has been shown to be a key factor in determining adhesion, with
optimal bonding occurring when this ratio approaches unity. Despite its advantages, the cold spray
process may induce microstructural changes in polymer substrates, such as increased crystallinity or
potential deformation in the heat-affected zone [54].
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Relationship Between Gas Pressure and Particle Motion

Gas pressure is a primary factor governing particle acceleration and impact force, which in turn affects
coating properties. The ratio of particle velocity to critical velocity determines deposition success, with
higher pressures facilitating greater kinetic energy transfer [43]. This velocity-pressure relationship has
been explored using two-dimensional process maps, which help identify the optimal spray conditions for
polymer metallization [43]. Additionally, particle impulse and impact force, which are directly influenced
by gas pressure, govern the pressures generated upon impact and influence the resulting particle-
substrate interactions [55]. Furthermore, variations in gas pressure affect gas flow characteristics and
outlet temperature, which consequently modify particle velocity and coating uniformity [52]. Figure 12
shows mean particle velocity versus gas pressure, increasing gas pressure the mean particle velocity
increases.
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Figure 12. Mean particle velocity versus gas pressure (x =0,y =0, z=10 mm). 22 mm copper powder; 25 and 300
°C air driving gas [48].
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Considerations and Challenges in Gas Pressure Optimization

Although higher gas pressure typically improves coating adhesion and density, it introduces several
challenges, especially when working with thermoplastic substrates. Excessive gas pressures may lead to
substrate erosion, excessive particle rebound, or variations in coating uniformity. Furthermore, the
interaction between gas pressure and other process parameters, such as gas temperature, nozzle design,
and powder feed rate, must be carefully balanced to achieve the desired deposition outcomes.
Understanding these interactions is crucial for scaling cold spray applications in both conventional
coatings and additive manufacturing.

Gas pressure remains a foundational parameter in cold spray, governing not only particle velocity and
coating adhesion but also how particles interact with thermally sensitive CFRP-PC surfaces. While higher
pressures generally enhance coating quality, they must be carefully controlled to prevent undesirable
effects such as substrate damage or excessive material rebound. A detailed understanding of the
relationship between gas pressure, particle motion, and deposition mechanisms is essential for
optimizing cold spray applications across various industries. As shown in Figure 13, cold-sprayed
aluminum on epoxy-based CFRP under high-pressure conditions resulted in fiber fracture and matrix
loss; highlighting the risks of over-pressurization in polymer composite metallization.
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Figure 13. Cold sprayed Al powder on epoxy based CFRP using an HPCS configuration.[7].
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2.4.2 Scanning parameters
2.4.2.1 Stand-off distance

Stand-off distance (SOD) directly influences the trajectory, kinetic energy, and velocity of particles upon
impact. In cold spray metallization of CFRP-PC substrates, selecting an optimal SOD is essential to
prevent thermal degradation and accommodate the heterogeneous mechanical response of the
composite. Too short a distance risks erosion or fiber exposure, while excessive spacing weakens
adhesion due to reduced impact energy.

Effects on Deposition Efficiency and Coating Microstructure and Coating Formation

SOD directly influences particle impact energy and adhesion strength, affecting deposition efficiency,
coating microstructure, porosity, and hardness. For instance, titanium coatings have shown improved
deposition efficiency, adhesion, and porosity characteristics when SOD is optimized [56]. Similarly, SOD
variations in copper-on-copper deposition have been found to significantly impact coating formation
[16]. Additionally, stainless steel coatings exhibit optimal performance at 20-30 mm stand-off distance,
reinforcing the importance of process-specific SOD optimization. Figure 14 shows stand-off distance
versus gas temperature during CS deposition of Al powder on PLA substrate at various gas pressures.

The best results on the Coating formation are typically achieved at moderate distances, often around 25
mm, though the optimal SOD varies depending on material properties and spray parameters. Increasing
gas pressure while reducing SOD can enhance deposition efficiency; however, excessive pressure may
lead to particle bounce-off and reduced efficiency.
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Figure 14. Stand-off distance versus gas temperature during CS deposition of Al powder on PLA substrate at various

gas pressures [1].
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Relationship with Other Process Parameters

While SOD is a key factor in cold spray processes, other parameters, such as gas temperature, pressure,
spray angle, traverse speed, and substrate conditions, also contribute significantly to coating
performance [36]. In many cases, spray angle and traverse speed have been found to have a greater
impact on coating build-up than SOD alone [57]. The combined effect of these factors must be carefully
balanced, particularly when working with temperature-sensitive substrates or complex three-
dimensional geometries.

Stand-Off Distance in Additive Manufacturing Applications

Stand-off distance (SOD) is a critical manufacturing parameter in cold spray additive manufacturing
(CSAM), directly influencing deposition efficiency, coating quality, and overall build integrity. Precise
control of SOD is essential to achieve uniform deposition, ensuring consistent layer formation and
minimizing defects such as porosity and delamination. Experimental studies on titanium deposition have
shown that modifying SOD affects the microstructure, porosity, and hardness of the deposited material,
with optimal distances yielding coatings of minimum porosity and maximum hardness [56]. Additionally,
research has demonstrated that SOD ranks as the second most significant factor in determining coating
thickness, after gas temperature, and the second most influential factor in coating density, following
substrate material [42].

In the context of additive manufacturing, SOD not only dictates coating properties but also governs the
adhesion and interlayer bonding necessary for successful 3D structure fabrication. Variations in SOD can
impact particle velocity and deposition efficiency, which are crucial for maintaining structural integrity in
multi-layer builds. While the optimal SOD varies based on material properties and process conditions, it
remains one of the most important controllable parameters in CSAM. The interdependence of SOD with
other factors such as gas temperature, pressure, and traverse speed highlights the necessity of a
comprehensive optimization approach for achieving high-quality cold spray deposits on metals,
polymers, and complex geometries.
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2.4.2.2 Powder flow rate/feed rate

The powder flow rate or feed rate is the amount of particle powders that come out of nozzle per unit
time, measured in grams per minute (g/min), is a crucial parameter in cold spray deposition, directly
affecting build quality, deposition efficiency, and particle velocity. Proper control of the powder flow rate
is essential to achieving high-quality coatings with optimal adhesion strength and microstructural
properties. Higher powder flow rates have been shown to improve deposition efficiency for certain
materials; however, excessive feed rates may lead to reduced particle velocity, increased porosity, and
microstructural defects [52, 58]. Understanding the relationship between powder flow rate, gas
dynamics, and particle properties is essential for optimizing cold spray processes and predicting coating
outcomes [55].

Influence of Powder Flow Rate on Deposition Efficiency

Powder flow rate plays a key role in coating thickness, porosity, and adhesion strength. Studies have
shown that increasing the powder feed rate can enhance deposition efficiency up to a point, but beyond
an optimal threshold, excess powder may result in lower particle velocities, unmelted particles, and
nozzle clogging. Additionally, nozzle inclination and carrier gas parameters affect powder flow dynamics
and must be optimized to maintain coating quality.

Effect on Coating Microstructure and Substrate Interaction

higher mass flow rate, resulting from improved powder flowability, generally leads to lower particle
velocities due to increased interactions and flow resistance within the nozzle. This reduction in velocity
can weaken the particle-substrate bonding, leading to coatings with lower density and increased
porosity. Conversely, a lower mass flow rate allows for higher particle velocities, which enhance impact
energy and plastic deformation, resulting in denser coatings with better adhesion. However, excessively
low flow rates may lead to inefficient deposition and non-uniform coating thickness. Therefore,
optimizing the powder flow rate is essential to achieving a balance between deposition efficiency and
coating quality, ensuring minimal porosity and strong interparticle bonding.[58]

Excessive powder delivery can result in localized heat accumulation and plastic deformation, especially in
thermally sensitive substrates such as CFR-PC, increasing the risk of fiber-matrix separation or surface
degradation [54, 60].
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Relationship Between Powder Flow Rate and Particle Dynamics

Powder flow rate has a direct impact on particle velocity and dispersion, which in turn influence coating
uniformity and adhesion strength. Higher feed rates have been found to reduce average particle velocity
by up to 10%, affecting the overall deposition process [58]. In cold spray, the particle velocity-to-critical
velocity ratio determines coating adhesion, and optimization of gas temperature, pressure, and nozzle
flow dynamics is necessary to counteract the negative effects of excessive powder feed rates [63]. Real-
time monitoring methods, such as acoustic emission sensing, have been explored to ensure consistency
in powder mass flow rate, improving process reliability.

Figure 15 shows particle velocity at the nozzle exit as a function of powder mass feed rate, increasing
feed rate reduces particle velocity.
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Figure 15. Particle velocity at the nozzle exit as a function of powder mass feed rate. [12]
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Considerations and Challenges in Powder Flow Rate Optimization

While moderate powder feed rates typically yield the best coating properties, both low and excessive
feed rates present challenges. Lower flow rates may result in insufficient coating thickness and reduced
adhesion, while excessively high flow rates can lead to poor particle bonding, porosity, and microcracks
[4]. Optimizing feed rates is critical for achieving desirable mechanical properties, such as microhardness
and adhesion strength, with optimal values varying based on material composition and deposition
conditions. In additive manufacturing applications, precise control of powder feed rate alongside gas
pressure and nozzle geometry is necessary to achieve high-quality deposits [55, 58].

A balanced optimization of powder feed rate, in conjunction with gas pressure, temperature, and nozzle
dynamics, is essential for achieving superior cold spray coatings. Future research and real-time
monitoring technologies will play a key role in refining powder flow rate control for high-performance
coatings and additive manufacturing applications [33].

2.4.2.3 Traverse velocity

Traverse velocity refers to the linear speed (mm/s) at which the spray nozzle moves across the substrate
surface, and it is a critical parameter in cold spray metallization. It governs several key outcomes such as
coating thickness, porosity, deposition efficiency, and bonding strength—particularly important for
applications involving CFR-PC composites. Optimizing traverse velocity is essential to achieving the
desired coating characteristics, as variations in speed influence in-situ substrate heating, strain
hardening, and overall deposition performance.

Influence of Traverse Velocity on Coating Quality and Porosity

Studies on Ti-6Al-4V coatings have demonstrated that slower traverse speeds significantly reduce
porosity from 3.2% to 0.5%, while also increasing microhardness due to strain hardening [46]. However,
while lower traverse speeds contribute to higher coating density, they may also reduce adhesion
strength, with recorded values decreasing from 60 MPa at 500 mm/s to 2.5 MPa at 100 mm/s [46]. This
trade-off underscores the need to balance deposition efficiency, coating porosity, and mechanical
performance.

Research on Al2219 coatings further supports the importance of traverse velocity, showing that it has a
more significant impact on coating buildup compared to stand-off distance, especially when combined
with spray angle optimization [57].

38



Effect of Traverse Velocity on Deposition Efficiency and Mechanical Properties

The traverse velocity of the spray nozzle significantly influences substrate heating, coating thickness, and
mechanical properties. Slower nozzle speeds enhance in-situ substrate heating, leading to increased
deposition efficiency, reduced porosity, and higher microhardness in 316L stainless steel coatings [64].
Similarly, in copper and titanium coatings, deposition efficiency tends to decrease with increasing
traverse velocity.

For Ti and Ti-6Al-4V coatings, slower traverse speeds result in denser, softer coatings with reduced
porosity [53]. Figure 16 shows hardness of coatings as a function of traverse speed. Despite the benefits
of lower traverse speeds for microstructural integrity, the negative impact on adhesion strength remains
a critical consideration, particularly in structural applications where coating-substrate bonding is
essential [46].
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Figure 16. Hardness of coatings as a function of traverse speed. The red dotted lines represent the hardness of Ti64
substrate, while the green dotted line represents the hardness of Ti64 powder. [13]
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Traverse Velocity in Cold Spray Metallization of Polymers and Composites

Traverse speed remains a critical factor in coating quality; slower speeds may reduce porosity but also
weaken adhesion, especially on low-surface-energy materials like polymers [46].

Studies highlight the importance of controlling traverse speed to achieve desired coating properties.
Slower speeds generally lead to denser coatings with higher microhardness but may compromise
adhesion strength. The optimal traverse speed depends on the specific material system and desired
coating characteristics [13, 46 and 57].

Considerations and Challenges in Traverse Velocity Optimization

Optimizing traverse velocity requires balancing deposition efficiency, coating thickness per pass,
adhesion strength, and porosity. While lower traverse speeds generally improve deposition efficiency
and coating density, they can lead to increased thermal effects and reduced adhesion strength.
Conversely, excessively high traverse velocities may reduce coating thickness per pass, leading to non-
uniform layer formation and reduced overall coating quality.

The interaction between traverse speed, spray angle, and thermal parameters must be tuned holistically
to achieve optimal results, especially for CFRP-PC components with complex geometries. The use of real-
time monitoring and advanced process control techniques may provide further insights into fine-tuning
traverse velocity for improved cold spray deposition outcomes.

Traverse velocity is a key factor influencing coating quality, porosity, deposition efficiency, and adhesion
strength in cold spray processes. While slower traverse speeds contribute to denser coatings and
increased microhardness, they may negatively affect adhesion strength. Optimizing traverse velocity in
combination with other process parameters, such as gas temperature, pressure, and spray angle, is
essential for achieving superior cold spray coatings. Further research into real-time process monitoring
and adaptive control may enable enhanced precision in controlling traverse velocity for diverse materials
and applications.
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2.4.2.4 Number of passes

The number of passes in cold spray (CS) refers to the number of times the spray nozzle travels over the
same area of a substrate to build up a coating. This number plays a critical role in determining coating
quality, thickness, porosity, and adhesion strength. While a single pass initiates the deposition process,
multiple overlapping passes are often necessary to achieve a dense, uniform, and defect-minimized
coating. Properly setting the number of passes ensures a balance between deposition efficiency (DE) and
coating integrity, preventing substrate erosion and excessive porosity.

Influence of Number of Passes on Coating Quality

The application of multiple passes in cold spray deposition enhances coating uniformity, thickness, and
adhesion strength. Each pass contributes to incremental layer build-up, influencing the microstructural
characteristics of the coating. Studies have demonstrated that increasing the number of passes results in
denser coatings with reduced porosity, as subsequent layers fill voids left by previous passes [60].

Effect on Coating Microstructure and Mechanical Properties

The number of sprays passes significantly affects the microstructure, hardness, and wear resistance of
cold-sprayed coatings. Cold spray metallization of polymers, for instance, relies on multiple passes to
achieve composite coatings with enhanced surface properties [1]. Research has shown that substrate
surface modification techniques, such as sandblasting, can further improve adhesion by creating an
optimized surface roughness [11]. However, excessive passes may induce thermal effects and residual
stress buildup, potentially leading to coating delamination or substrate deformation, particularly in
temperature-sensitive materials such as polymers [60].
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Optimization of Number of Passes for Different Substrates

The optimal number of passes depends on substrate type, powder morphology, and process conditions.
For metallic substrates, increasing the number of passes generally enhances deposition efficiency, but
excessive passes may lead to surface roughness inconsistencies or stress accumulation [64]. In contrast,
for polymer substrates, a balance must be maintained to ensure adequate bonding without
compromising substrate integrity [65]. Finite element modeling studies have shown that plastic strain is
concentrated at particle-substrate interfaces and between deposited particles, emphasizing the need for
careful optimization of the number of passes [64].

The number of passes in cold spray deposition is a critical factor influencing coating thickness,
microstructure, and mechanical performance. While increasing the number of passes generally improves
coating density and adhesion, excessive passes may introduce thermal stresses and substrate
deformation risks, particularly in polymer-based applications. Understanding the interplay between pass
count, substrate type, and post-processing methods is essential for optimizing cold spray coatings across
various industrial applications.

2.4.3 Surface conditioning
2.4.3.1 Surface preparation

Surface preparation plays a pivotal role in cold spray metallization, directly affecting coating adhesion,
deposition efficiency, and microstructural uniformity. This is especially critical for non-metallic substrates
such as CFR-PC, where adhesion mechanisms differ from those in metallic systems. Various process
parameters, such as gas pressure, temperature, particle size, and velocity, play a role in substrate surface
interactions, impacting coating formation. Additionally, substrate characteristics, including hardness and
roughness contribute to the bonding mechanisms in cold spray coatings [16]. Proper surface
conditioning enhances surface asperities and energy absorption, enabling better particle anchoring and
adhesion, thus making it a mandatory step in the metallization of polymer composites.
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Effect of Surface Preparation on Coating Adhesion and Deposition Efficiency

Mechanical roughening of polymer substrates can increase deposition efficiency but may negatively
impact adhesion strength. For metallic substrates, grit blasting with different grit sizes affects deposition
efficiency without significantly altering coating microstructure. Laser surface texturing has shown
promise in improving both deposition efficiency and adhesion strength across various substrate
materials, including metals, polymers, and ceramics [7, 66 and 67].

Traditional surface preparation techniques, such as grit blasting, have been widely used to enhance
adhesion strength by increasing surface roughness. However, grit blasting may introduce undesirable
effects, such as shallow roughness profiles and embedded foreign particles, which can negatively impact
coating integrity [66].

Alternative Surface Preparation Methods

To address the limitations of conventional methods, alternative surface preparation techniques have
been developed. Laser treatments and pulsed water jet methods have demonstrated effectiveness in
generating improved roughness without introducing embedded contaminants. However, these methods
may introduce thermal effects or liquid effluents, which can alter substrate properties [66]. A promising
alternative is the supercritical cryogenic nitrogen jet technique, which has been shown to improve
coating adhesion strength without the drawbacks of conventional treatments [66].

Surface Preparation for Cold Spray Metallization of Polymers

Cold spray metallization of polymers and polymer composites is an emerging technique for enhancing
surface properties without inducing thermal degradation [7]. The choice of surface preparation
technique significantly affects deposition efficiency and adhesion strength. While mechanical roughening
can increase deposition efficiency, excessive roughness may reduce adhesion strength, suggesting that
an optimal roughness range exists for polymer substrates. Additionally, substrate modifications, such as
sandblasting and plasma treatments, have been explored to improve coating adhesion on polymer
surfaces [67].
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Research has shown that thermoplastics generally yield better cold spray results than thermosets, as
they experience local thermal softening, which enhances particle-substrate bonding [67]. Successful
deposition of various metal powders, including tin, copper, and iron, has been achieved using both low-
pressure and high-pressure cold spray systems [67]. Compared to conventional metallization techniques
such as physical vapor deposition, electrochemical plating, and direct bonding, cold spray offers
advantages by minimizing substrate degradation at elevated temperatures [1].

Challenges and Future Directions in Surface Preparation for Cold Spray

Despite advancements in surface preparation methods, challenges remain in optimizing spray
parameters for different substrate materials and metal powders [37]. Surface roughness, morphology,
and chemical composition play crucial roles in determining final adhesion strength and coating durability.
Ongoing research efforts focus on improving data reuse, exploring novel surface preparation methods,
and enhancing cold spray bonding mechanisms [1]. The development of real-time monitoring techniques
and advanced surface modification strategies will further refine coating adhesion and deposition
efficiency across various cold spray applications.

Surface preparation is a vital process parameter in cold spray technology, directly influencing adhesion
strength, deposition efficiency, and overall coating performance. While traditional methods such as grit
blasting are widely used, alternative laser, plasma, and cryogenic surface treatments offer potential
improvements in coating integrity and substrate compatibility. The optimization of surface preparation
methods is particularly crucial for polymer metallization, where achieving strong adhesion without
thermal degradation remains a challenge. Future advancements in surface modification techniques and
real-time process monitoring will play a key role in expanding the application of cold spray technology in
diverse industries.
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2.4.3.2 Application of interlayer

Cold spray technology is increasingly being utilized for surface modification and additive manufacturing,
particularly in aerospace and advanced engineering applications [68, 36]. The process relies on high-
velocity particle impact without melting, preserving the bulk material properties while enabling the
deposition of a variety of metallic coatings [36]. However, achieving high adhesion strength and uniform
coating deposition remains a challenge, requiring careful optimization of process parameters, substrate
conditions, and feedstock properties [33, 36]. One effective strategy to enhance cold spray deposition is
the application of interlayers, which serve as intermediate coatings to improve adhesion and facilitate
the deposition of materials that otherwise exhibit poor bonding characteristics.

Figure 17. Micrographs of cold-sprayed aluminum coating on (a) tin interlayer and (b) enlargement of the selected
area [11].

Influence of Interlayers on Cold Spray Deposition Efficiency

The use of interlayers has been shown to significantly improve cold spray deposition efficiency by
enhancing particle-substrate interactions. Electroplated copper interlayers on carbon fiber-reinforced
polymers (CFRPs) have been demonstrated to facilitate successful copper deposition, with deposition
efficiency increasing nearly fivefold compared to deposition on bulk copper substrates [69]. This
improvement can be attributed to reduced hardness mismatches between the cold-sprayed particles
and the interlayer, resulting in more favorable deformation behavior and higher deposition rates [69].
Figure 17 shows cold-sprayed aluminum coating on a tin interlayer on Polycarbonate substrate, the
interlayer facilitates deposition of aluminum coating.
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For aluminum coatings on CFRPs, direct cold spray deposition is often challenging due to poor adhesion
and weak interfacial bonding. However, a thin plasma-sprayed aluminum interlayer has been found to
effectively overcome these limitations, allowing for successful cold spray deposition and improved
coating performance [68]. Similarly, a hybrid fabrication process combining electroless nickel coating and
copper electroplating has been used to enable the subsequent cold spray deposition of copper onto
CFRP substrates, resulting in electrically conductive coatings [69]. These findings confirm the
effectiveness of interlayers in improving adhesion, preventing substrate erosion, and making cold spray
viable for non-metallic composites like CFRP-PC.

Effect of Interlayers on Coating Properties and Adhesion Strength

The relative hardness of the interlayer, substrate, and feedstock particles plays a crucial role in
deposition efficiency and coating adhesion. Studies indicate that optimal deposition occurs when the
hardness of the interlayer and cold-sprayed particles is similar, allowing for effective plastic deformation
and mechanical interlocking [69]. Additionally, substrate surface roughness and preparation methods
influence adhesion strength, with some roughening techniques improving deposition efficiency while
others may lead to excessive material loss or contamination.

The microstructural characteristics of the interlayer also affect the final coating properties, including
porosity, hardness, and bond strength. Optimizing process parameters such as gas pressure,
temperature, and particle size is crucial in minimizing coating defects and maximizing mechanical
performance [33]. Furthermore, superior adhesion properties have been observed when using
interlayers compared to direct deposition, particularly for challenging materials such as aluminum and
copper [11].

Applications and Future Directions for Interlayer Use in Cold Spray

Cold spray metallization of polymers and composites has gained interest as an alternative technique for
enhancing surface properties, electrical conductivity, and wear resistance [7]. The use of interlayers is
particularly beneficial in this context, as many polymeric substrates lack the necessary hardness and
surface properties for direct cold spray deposition. Commonly used interlayers include aluminum,
copper, and nickel-based coatings, each providing unique benefits depending on the desired coating
characteristics [11].
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Potential applications for cold spray coatings with interlayers include lightning strike protection,
electroplating, and antimicrobial surfaces, among others [1]. The ability to deposit dense, well-adhered
metallic coatings on temperature-sensitive substrates without thermal degradation gives cold spray a
significant advantage over conventional thermal spray methods [7]. Future research should focus on
further optimizing process parameters, exploring novel material combinations, and improving interlayer
adhesion mechanisms to expand the capabilities of cold spray deposition [1].

The application of interlayers plays a critical role in enhancing cold spray deposition efficiency, improving
adhesion strength, and enabling deposition on complex substrates such as CFRPs and polymers. Various
interlayer materials, including plasma-sprayed aluminum, electroplated copper, and electroless nickel
coatings, have been successfully utilized to facilitate cold spray deposition. By optimizing interlayer
properties, substrate preparation techniques, and spray parameters, cold spray can be further developed
for advanced manufacturing and surface engineering applications. Ongoing research in this field will
continue to enhance the feasibility of cold spray for functional coatings, structural repair, and industrial
applications.

2.5 Particle oxidation

Particle oxidation is a critical phenomenon influencing cold spray deposition, affecting deposition
efficiency, adhesion strength, and coating properties. The oxidation behavior of metal powders directly
impacts their critical velocity and overall bonding performance. A detailed understanding of particle
oxidation mechanisms is crucial for optimizing cold spray processes especially when metallizing
thermally sensitive and chemically inert substrates like CFR-PC.

Influence of Particle Oxidation on Cold Spray Deposition

Oxidation levels in metal particles influence deposition efficiency by altering the required critical velocity
for successful bonding. Studies have demonstrated a near-linear relationship between oxygen content
and critical velocity, necessitating higher impact velocities for highly oxidized particles to adhere
effectively [70].

The susceptibility of metal particles to oxidation depends on their size, morphology, and material
composition. Smaller particles and non-spherical powders exhibit higher oxidation tendencies due to
increased surface area exposure [70]. During impact, oxide layers may fracture, promoting metal-to-
metal contact and improving adhesion. However, excessive oxidation acts as a barrier to bonding,
reducing coating quality and increasing porosity. Under certain conditions, thick oxide scales can peel off
during impact, exposing clean metallic surfaces and potentially enhancing deposition efficiency [70].
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2.6 Coating qualities

2.6.1 Microhardness

Cold spray technology is a solid-state deposition process in which particles are accelerated to high
velocities and impact a substrate, forming dense coatings without melting [74]. The hardness and
microhardness of cold-sprayed coatings are critical parameters influencing mechanical performance,
wear resistance, and durability. These properties are primarily affected by substrate hardness, powder
characteristics, process parameters, and post-deposition treatments.

Influence of Substrate Hardness on Deposition Efficiency

Substrate hardness significantly affects deposition efficiency in cold spray. When the substrate hardness
exceeds the hardness of the sprayed particles, deposition efficiency tends to decrease due to reduced
plastic deformation upon impact [74]. However, research has shown that coating hardness itself remains
relatively constant, regardless of substrate hardness, particularly for materials like NiCrAlY [16, 74]. The
interaction between powder hardness and substrate hardness influences particle deformation behavior
and bonding mechanisms [75]. In many cases, harder powders accumulate more effectively on harder
substrates, leading to improved coating density and wear resistance [26, 75].

Effect of Process Parameters on Coating Hardness
Several key process parameters impact the hardness of cold spray coatings:

Powder Feed Rate and Stand-Off Distance: The interaction between these parameters significantly
influences coating microstructure and hardness. Optimal spray conditions for WC-17Ni coatings, for
example, were found to be 23.7 g/min powder feed rate, 500°C gas temperature, and 10 mm stand-off
distance, yielding a coating hardness of 364.5 + 8.5 HV with a porosity level of 6.8 + 0.6% [76]. Figure 18
shows stand-off distance and coating hardness relationship.

Gas Temperature and Pressure: Higher gas temperature and pressure typically result in denser coatings
with enhanced compressive residual stress, leading to improved hardness. The relationship between
particle velocity, temperature, and substrate hardness is crucial in determining final coating properties
[16].
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Surface Roughness and Nozzle Design: Substrate surface roughness affects adhesion strength and
hardness. Additionally, the gas pressure at the nozzle inlet and nozzle design influence particle
acceleration, affecting the coating’s mechanical properties [77].
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Figure 18. Stand-off distance-coating hardness relation. [16]

Microhardness and Wear Properties of Cold-Sprayed Coatings

Cold spray coatings exhibit high hardness and superior tribological properties, making them suitable for
wear-resistant applications. Nanostructured aluminum coatings produced via cold spray have
demonstrated up to 100% higher hardness than conventionally sprayed coatings [77]. Additionally, low-
pressure cold spray (LPCS) coatings have been observed to achieve higher microhardness (196.6 HV)
compared to high-pressure cold spray (HPCS) coatings (174.3 HV), along with lower friction coefficients
and enhanced wear resistance [39].

Comparative studies on cold-sprayed aluminum coatings indicate that preliminary powder treatments,
such as ball milling, can slightly increase hardness by refining particle structure and enhancing
interparticle bonding. Factors such as particle size, deposition rate, and post-processing methods also
play a role in optimizing microhardness for specific applications [75, 77].
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Microhardness and hardness are crucial performance parameters in cold spray coatings, directly
impacting wear resistance, durability, and mechanical strength. The interaction between process
parameters, substrate properties, and feedstock characteristics governs the final hardness of the coating.
While higher gas temperatures and pressures generally improve coating density and hardness, excessive
substrate hardness can reduce deposition efficiency. The ability to tailor cold spray coatings for
enhanced hardness makes this technique highly valuable for aerospace, automotive, and protective
coating applications.

2.6.2 Flattening ratio

The flattening ratio (€) is a key parameter in cold spray deposition that quantifies the degree of particle
deformation upon impact, directly affecting coating adhesion, density, and microstructure. It is defined
as the ratio of the final deformed particle diameter (Dy) to its initial diameter (D;) [17], expressed as:

€ =Ds/Di
In figure 19, w is final deformed particle diameter Dfand D is initial diameter.

Another method to calculate flattening ratio is defined as the ratio of major axis length of particle (w) to
its minor axis length (h). expressed as:

e=w/h

Higher flattening ratios indicate greater plastic deformation, which enhances mechanical interlocking
and reduces porosity, improving coating quality. The flattening ratio is influenced by several factors,
including particle velocity, gas temperature, and substrate properties. At higher impact velocities,
increased kinetic energy and thermal softening allow for greater spreading of the particle, enlarging the
material jet area at the interface and improving bonding [57].

Three deformation regimes based on impact velocity and resulting morphology have been identified:
Regime I: Low velocity, unhindered flattening.
Regime II: Moderate velocity, crater formation starts to limit lateral spreading.

Regime llI: High velocity, hydrodynamic penetration, particle turns "inside out" and € decreases again.
[17]
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In multi-particle deposition, the tamping effect plays a crucial role in coating densification, particularly
in the early deposition stages, although its influence diminishes as coating thickness increases. The
critical velocity for deposition, which aligns with the onset of shear instability, is essential for achieving
strong interparticle bonding. To predict and optimize flattening behavior, researchers have successfully
applied models such as the Hollomon power law and Johnson-Cook flow stress model, which correlate
material properties with measured hardness and flattening ratios. These insights into particle
deformation mechanics and impact behavior enable the optimization of cold spray process parameters
to produce high-performance coatings with superior adhesion and minimal porosity.[17]
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Figure 19. Schematic showing particle geometry, prior to and after impact, with definitions of key parameters
measured here. [17]

2.6.3 Adhesion strength

Adhesion strength is a fundamental parameter in cold spray deposition, directly influencing coating
durability, mechanical performance, and structural integrity. The effectiveness of cold spray coatings
depends on multiple factors, including process parameters, substrate conditions, and feedstock
properties [36]. Achieving high adhesion is particularly challenging when cold spraying onto polymer
composites such as CFRP-PC, due to their low surface energy, thermal mismatch with metals, and
viscoelastic deformation behavior. Understanding the mechanisms governing adhesion strength and
optimizing process conditions are crucial for improving deposition efficiency and coating performance in
cold spray applications.
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Influence of Process Parameters on Adhesion Strength

The adhesion mechanism in cold spray coatings is influenced by particle velocity, gas temperature, stand-
off distance, and powder size [36, 37]. High particle impact velocity promotes plastic deformation,
enabling stronger mechanical interlocking with the substrate [70]. Studies have shown that increasing
deposition velocity, raising powder and substrate temperatures, and decreasing powder size can
enhance adhesion strength, particularly for high-strength materials such as titanium [63].

For polymer-based composites, adhesion is governed by energy-activated phenomena, including plastic
deformation of both the polymer substrate and metal particles, as well as fiber loading in composites
[70]. Experimental findings suggest that substrate hardness, surface roughness, and chemical
compatibility significantly impact adhesion performance [78]. Optimizing these parameters is essential
to achieving high deposition efficiency and improved bonding characteristics, particularly when working
with diverse powder types and substrate materials [37, 72].

Strategies for Enhancing Adhesion Strength

Recent advancements in surface modification techniques have demonstrated promising results in
improving adhesion strength in cold spray coatings. Figure 20 shows fishbone diagram representing
parameters that influence the adhesion strength in cold spray.

Laser surface texturing has been shown to increase deposition efficiency and adhesion strength in both
metallic and polymer coatings, particularly when applied to fluoropolymer substrates. In addition, in-situ
micro-forging, a technique that enhances mechanical interlocking and metallurgical bonding, has been
found to significantly improve the adhesion strength of cold-sprayed aluminum deposits [70].

For composite substrates, experimental results indicate that mechanical interlocking is the dominant
adhesion mechanism, particularly in coatings like tin on carbon fiber-reinforced plastics (CFRPs) [50].
Studies have further demonstrated that higher gas temperatures enhance adhesion by increasing
substrate surface roughness and particle deformation. Similarly, integrating 3D-printed CFRPs with cold-
sprayed aluminum coatings has shown promising results, achieving strong adhesion and uniform surface
coverage [70].
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Figure 20. Fishbone diagram representing parameters that influence the adhesion strength in CS. Note: LPCS = low
pressure cold spray. [15]

Role of Substrate Characteristics in Coating Adhesion

Substrate material properties play a critical role in adhesion strength, particularly for cold spray
metallization of polymers and composites [37]. The relative hardness of the coating material and
substrate affects deformation behavior and bonding efficiency, with studies finding that copper coatings
adhere better to copper substrates compared to steel due to similar hardness levels [78]. Additionally,
substrate thermal expansion coefficient mismatch can lead to residual stresses, potentially reducing
adhesion strength if not properly managed [37].

Moreover, coating thickness and surface roughness influence interfacial shear strength and energy
release rates, which are key metrics for assessing adhesion performance [58]. Experimental testing has
revealed that optimal roughness levels and surface preparation methods are essential in achieving
robust adhesion in cold spray applications [58, 78].

Adhesion strength is a critical performance metric in cold spray deposition, with multiple process
parameters, substrate characteristics, and surface modification techniques influencing final coating
properties. While mechanical interlocking and plastic deformation play primary roles in adhesion,
additional strategies such as laser surface texturing, micro-forging, and controlled heat treatments offer
further improvements in bonding efficiency. Future research should focus on optimizing deposition
conditions, exploring hybrid coating approaches, and developing advanced interfacial engineering
technigues to enhance adhesion strength across a range of substrate materials and composite systems.
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Post-Spray Processing Considerations

Post-spray treatments such as furnace heating and hot pressing can further enhance the cohesion and
mechanical stability of coatings, particularly in composite and polymer-based substrates [60]. These
treatments help alleviate residual stress and promote particle diffusion, improving overall coating
durability. The combination of optimized process parameters and post-spray treatments is essential for
achieving superior cold spray coatings for applications such as lightning strike protection, electroplating,
and antiviral surfaces [1].

2.6.4 Electrical conductivity

Cold spray technology has emerged as a promising method for producing electrically conductive coatings
on various substrates, including polymers and carbon fiber-reinforced polymers (CFRPs) [62]. Unlike
conventional thermal spray techniques, cold spray allows for the deposition of dense, oxide-free metallic
coatings with high thermal and electrical conductivity, while avoiding thermal degradation of
temperature-sensitive substrates. Common feedstock materials for conductive coatings include copper
and aluminum, with polymer additives such as poly aryl-ether-ether-ketone (PEEK) used to promote
coating buildup [62]. The microstructure of the coating, which is influenced by powder characteristics
and spraying parameters, plays a critical role in determining electrical performance [62].

Influence of Process Parameters on Electrical Conductivity

The electrical conductivity of cold-sprayed metallic coatings is strongly influenced by spraying
parameters, feedstock composition, and post-deposition treatments. Increasing the accelerating gas
temperature enhances coating density, adhesion strength, and electrical conductivity, primarily due to
the improved deformation and compaction of sprayed particles [51], figure 21 show volume resistivity of
aluminum cold sprayed onto CFRP. Additionally, heat treatment of cold-sprayed copper coatings at
temperatures as low as 200°C has been shown to increase conductivity to 87% of bulk copper,
highlighting the role of post-spray annealing in reducing porosity and enhancing inter-particle bonding
[79].
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Figure 21. Volume resistivity of aluminum cold sprayed onto CFRP. [19]

Cold Spray Conductive Coatings on Polymer and CFRP Substrates

Cold spray is increasingly being used to metallize polymer-based composites, improving their electrical
conductivity and mechanical durability [37]. Achieving strong adhesion between metallic coatings and
polymer substrates is challenging due to differences in thermal expansion coefficients and surface
energy. One effective strategy involves the application of a thin plasma-sprayed aluminum interlayer,
which facilitates the deposition of thicker, well-adhered coatings on CFRP substrates [68]. Another
approach is to spray metal-polymer composite powders, such as copper-PEEK mixtures, to form
conductive coatings with enhanced flexibility [62].

Optimization Strategies for Enhancing Conductivity
Key parameters affecting electrical conductivity in cold spray coatings include:

Standoff Distance and Gas Temperature: Optimized conditions lead to higher coating density, reducing
porosity and electrical resistance [42].

Feedstock Composition: While pure metals (e.g., Cu, Al) offer high conductivity, metal-ceramic and
metal-polymer blends require careful composition control to balance conductivity and coating durability
[72].
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Post-Spray Heat Treatment: Reduces internal stresses and oxide content, significantly enhancing
conductivity and mechanical performance [79].

Surface Preparation and Interlayer Deposition: Techniques such as plasma-sprayed aluminum interlayers
improve metal adhesion on CFRP substrates, allowing for more uniform and conductive coatings [68].

Cold spray technology offers significant advantages for electrically conductive coatings, particularly for
applications involving temperature-sensitive substrates such as polymers and CFRPs. By optimizing
powder selection, process parameters, and post-treatment methods, high-performance coatings with
low porosity and enhanced conductivity can be achieved. Future research should focus on further
improving coating adhesion, exploring novel material combinations, and refining process control
strategies to maximize electrical performance in advanced engineering applications.

2.7 Large Format Additive Manufacturing (LFAM) of Polymer Composites

Large Format Additive Manufacturing (LFAM) has emerged as a transformative manufacturing strategy
for producing large-scale components, especially in industries such as aerospace, automotive, marine,
and construction. Among the different LFAM techniques, Fused Granulate Fabrication (FGF), a pellet-
based variant of material extrusion, has gained prominence due to its high deposition rates and cost-
effective raw materials. In recent years, LFAM has increasingly incorporated fiber-reinforced polymers
(FRPs), offering a synergistic blend of lightweight, high-strength characteristics with the design freedom
of additive processes [82, 83]. Figure 22 shows a simple working principle of the process.
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Figure 22. Basic working principle of fused granulate/pellet fabrication [85].

Material Systems and Composite Feedstock

The integration of continuous or chopped fibers into thermoplastic matrices significantly enhances the
mechanical performance of printed parts. Glass fiber (GF) and carbon fiber (CF) reinforcements are the
most used fillers, typically embedded in polypropylene (PP), acrylonitrile butadiene styrene (ABS),
polyamide (PA), or polylactic acid (PLA) matrices. These composite materials enable parts to retain
higher stiffness and strength while maintaining lightweight profiles, making them suitable for structural
and semi-structural applications [82].

FGF systems use granulate (pelletized) feedstock instead of filament, enabling the use of industrial-grade
composite polymers directly without requiring filament extrusion. This results in not only material cost
reduction but also expands the range of usable materials, including recycled polymers and high-fiber-
content composites [82, 83]. The use of pellets also supports higher throughput, with deposition rates
reaching several kilograms per hour [82]. Additionally, materials like GF/PP and CF/ABS have become
standard in LFAM due to their superior mechanical and thermal performance under high-load
applications.
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Process Architecture and Machine Design

Unlike conventional FDM systems, LFAM machines typically rely on screw-based extruders to handle the
higher viscosity and flow demands of pellet-based composites. Screw extruders provide superior
material mixing and continuous extrusion compared to filament-driven systems. The machines are often
equipped with large-scale Cartesian gantry systems or robotic arms, allowing for build volumes that can
exceed several cubic meters [83].

Critical aspects of machine design include robust heating systems for the extruder, precision kinematic
systems for motion control, and actively heated print beds or chambers to maintain thermal stability. As
build size increases, so does the sensitivity to thermal gradients and warpage. Thus, machine
architecture must be optimized not only for mechanical precision but also for consistent thermal
management [83].

Extrusion Dynamics and Bead Geometry

The rheological behavior of fiber-filled thermoplastics during extrusion has a significant impact on the
final part quality. Factors such as screw speed, nozzle diameter, layer height, and transverse speed must
be carefully controlled to ensure consistent bead geometry. Fiber alignment is influenced by the flow
path and tends to align along the print direction, introducing anisotropy in mechanical performance [82].

Recent advances in modeling and prediction of bead geometry have shown promise. Vanerio et al.
developed an artificial neural network (ANN) capable of predicting full cross-sectional bead geometry
from process parameters such as screw speed, layer height, and traverse speed, with a mean absolute
percentage error (MAPE) of 8.88% [84]. This method offers improved accuracy and efficiency over
conventional geometric or CFD-based simulations.

Thermal Management and Warping

Thermal management is a persistent challenge in LFAM, particularly for composite systems. Warping,
shrinkage, and interlayer delamination are common issues due to uneven cooling and poor thermal
diffusion. These effects are amplified in large prints and high-fiber-content composites, necessitating
strategies like heated build chambers, print bed insulation, and real-time thermal monitoring [83].
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High-performance polymers like GF/PP or CF/PA require narrow processing windows and precise thermal
control to achieve good layer bonding and dimensional stability. Studies have shown that even small
fluctuations in chamber or bed temperature can result in severe warping or deformed prints [82].
Therefore, enclosure design and environmental insulation are integral components of LFAM system
optimization.

Post-Processing and Hybridization

Due to the nature of extrusion-based printing, surface roughness and dimensional tolerance in LFAM
prints are often sub-optimal. Hybrid manufacturing strategies, where LFAM is followed by CNC
machining or robotic milling, have become standard practice, especially in mold making and tooling
applications [82].

Post-processing allows manufacturers to retain the speed and cost benefits of LFAM while achieving the
precision and finish of subtractive manufacturing. This hybrid approach is particularly valuable in
aerospace and marine sectors, where tight tolerances are critical.

Sustainability and Circular Economy

Sustainability is becoming a focal point in LFAM, with efforts to incorporate recycled materials and
reduce waste. Pellet-based systems enable the direct use of recycled composite granules, reducing
dependency on virgin polymers. Some studies have demonstrated successful printing using recycled
GF/PP with properties comparable to virgin materials [82].

Moreover, the ability to print large components in a single piece reduces the need for assembly,
fasteners, and welding, further minimizing the carbon footprint. The reduction in material waste
compared to subtractive methods is another key sustainability advantage of LFAM.
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2.8 Carbon Fiber Reinforced Polymers

Carbon fiber reinforced polymers (CFRPs) are high-performance composite materials known for their
exceptional strength-to-weight ratio, stiffness, and wear resistance, making them highly suitable for
applications in aerospace, automotive, and defense industries [20, 61]. These composites consist of
carbon fibers embedded within polymer matrices, which can be thermosetting, thermoplastic, or
elastomeric, with thermoplastics offering advantages such as recyclability and shorter production times.
Figure 23 shows global CFRP consumption in 2018. The overall performance of Carbon Fiber Reinforced
Polymers (CFRPs) is critically dependent on the quality of the fiber-matrix interface. Recognizing this,
recent advancements in CFRP technology have focused on enhancing this interfacial bonding and the
overall material properties [20]. As highlighted in comprehensive reviews, key strategies include applying
various surface modification techniques to the carbon fibers and incorporating nanoparticles into the
polymer matrix to boost mechanical performance. Parallel to these material enhancements, advanced
non-destructive testing methods, such as eddy current pulsed thermography, are being developed for
improved quality control and characterization of these complex materials [61].
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Figure 23. Global CFRP consumption in 2018 is categorized by (a) application, (b) sales, (c) region, and (d)
manufacturing techniques. Global CF consumption in 2020 (e) by application and (f) estimated worldwide CFRP
waste in 2050 from the aeronautical sector by region. [21]



Properties and Applications of CFRPs

CFRPs have gained widespread use in structural reinforcement due to their high strength, low density,
and corrosion resistance [80]. However, their temperature limitations have led to the development of
carbon fiber reinforced metal matrix composites (CFMMCs) to improve impact resistance, wear
resistance, and high-temperature performance [81]. Aluminum and its alloys are considered promising
matrix materials for CFRP reinforcement, particularly in structural applications, although corrosion
resistance remains a challenge.

Trend on metallization of CFRPs

The metallization of CFRPs has become a significant area of research, particularly in improving their
electrical conductivity, thermal properties, and bonding capabilities. Various methods exist for metallic
coating deposition on CFRPs, including physical vapor deposition (PVD), electrochemical plating, thermal
spraying, and cold spray deposition [20]. Among these, cold spray additive manufacturing has emerged
as a promising technique for depositing thick metallic coatings on polymer and fiber-reinforced
composites [20]. This technique allows for the deposition of dense, oxide-free metallic layers while
maintaining the integrity of the polymer substrate, making it particularly useful for applications such as
lightning strike protection, electromagnetic shielding, and wearable electronics [20].

Challenges in CFRP Metallization

One of the main challenges in CFRP metallization is achieving strong interfacial bonding between the
metal layer and the composite substrate. The difference in thermal expansion coefficients between
metals and CFRPs can lead to residual stresses and adhesion issues, making surface preparation and
bonding strategies critical for ensuring coating durability [80]. Methods such as plasma treatment, laser
surface texturing, and chemical functionalization have been explored to enhance metal adhesion on
CFRPs [20]. Additionally, spray angle, standoff distance, and substrate roughness significantly impact the
coating's adhesion strength and conductivity [1]. Figure 24 shows schematic representation of spherical
copper particle interaction with (a) PVC (Thermoplastic polymer) and (b) epoxy resin (Thermoset
polymer).
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Figure 24. Schematic representation of spherical copper particle interaction with (a) PVC, (b) epoxy. [18]
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Chapter 3: Experimental methods and results

3.1 Equipment used for Cold spray

3.1.1 Impact Innovations spray systems 5/11

The Impact Innovations 5/11 High-Pressure Cold Spray System was utilized for the coating process. This
system operates with pre-heated nitrogen as the process gas and features a maximum gas pressure of 50
bar and a maximum gas temperature of 1100°C. The nozzle is water-cooled, and the system supports a
maximum powder deposition rate of 10 kg/h. The Impact Innovations GmbH spray systems 5/11 and the
5/11 gun itself can been seen in Figure 25.

Figure 25. Representation of top: Impact Innovations GmbH spray systems 5/11, bottom: 5/11 gun
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One of the inherent limitations of this cold spray system is the inability to achieve low temperatures at
relatively low pressures and vice versa. This constraint is dictated by the thermodynamic relationship
between gas pressure and temperature in the system.

A schematic representation of the Cold Spray Additive Manufacturing (CSAM) process is provided in the
dedicated section on cold spray equipment. The Impact Spray System 5/11 consists of several key
components:

e 5/11 Spray Gun

e Control Unit and Software

e Air- and Water-Cooling System for the Nozzle
e Air-Cooling System for the Powder Feeder

The maximum operating pressure and temperature of the system are 50 bar and 1100°C, respectively,
with a heating power of 40 kW. In figure 26, the impact spray system 5/11 can be seen.

The cold spray process exploited in this study, relies on nitrogen stored in a high-pressure vessel. When
needed, the gas is heated to prevent condensation, and a pump compresses the nitrogen, forcing it
through a network of pipes designed to induce further heating. Upon reaching the control unit, the gas
flow splits into two paths:

1. Process Gas Flow (Blue Flow) — This portion is directed to the spray gun, where it undergoes
additional heating before being injected into the nozzle. The heated process gas accelerates the
powder particles to supersonic speeds for deposition.

2. Carrier Gas Flow (Green Flow) — This portion is routed to the powder feeder, where it facilitates
the controlled transport of feedstock powder. To prevent backflow, the powder injection
pressure is maintained higher than the process gas pressure at the nozzle throat.

Additionally, the aspiration and filtration system ensure a clean working environment by capturing
excess powder and gas emissions. This setup enables particle collection for potential reuse, contributing
to material efficiency and sustainability in the cold spray process.
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Figure 26. The scheme of the gas path from storage to the nozzle of an Impact Spray System.

3.1.2 ABB 6 axis industrial robot

For automated material handling and precision manufacturing, an ABB 6-axis industrial robot was used
in the experimental setup. ABB’s 6-axis robotic systems are designed for high flexibility, precision, and
efficiency, making them suitable for tasks such as material handling, welding, assembly, and surface
finishing. Figure 27 shows an ABB robot.

The key features of ABB's 6-axis robotic systems include:

e High Payload Capacity: Ranging from a few kilograms to several hundred kilograms, depending
on the model.

e Extended Reach: Capable of reaching workpieces at different orientations, enhancing
accessibility.

e High Repeatability: Ensuring precision in repetitive tasks with millimeter-level accuracy.

e Compact and Modular Design: Allowing installation in various positions, including floor, wall, or
ceiling-mounted configurations.

e |P Rated Protection: Many ABB robotic arms are dust- and water-resistant, making them
suitable for harsh industrial environments.
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Figure 27. Representation of ABB industrial robot IRB 4600.

Working Principle

ABB’s 6-axis robotic arms consist of a base, multiple articulated joints, and an end effector, allowing
smooth movement across six degrees of freedom. The system is controlled via ABB’s advanced robotic
controller, which optimizes motion planning, collision detection, and adaptive learning for enhanced
productivity. Figure 27 shows a representation of an ABB robot.

The robotic arm operates using servo motors and precise kinematics, ensuring smooth and controlled
motion during operation. Depending on the application, different end effectors (such as grippers,
welding torches, or spray nozzles) can be integrated.

Integration with the Experimental Setup

In this study, the ABB 6-axis robot was used for precise handling and positioning of workpieces during
processing. The robot was programmed to follow predefined paths with high accuracy, ensuring
consistent and repeatable motion throughout the process.

Additionally, an automated aspiration and filtration system was in place to maintain a clean environment
by capturing airborne particles generated during operation.
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By utilizing ABB’s 6-axis robotic technology, the setup ensured high process reliability, repeatability, and
efficiency, contributing to improved overall automation and quality control.

3.2 Aluminum powder feedstock

Pure Aluminum (Al) is used in this study due to their low density, high corrosion resistance, and excellent
thermal and electrical conductivity. Figure 28 shows particle size distribution of Al feedstock and table 1
lists diameter reports of Aluminum feedstock. The cold spray process enables the deposition of
aluminum coatings or bulk structures without melting the particles, preserving their original
microstructure and mechanical properties.

Volume transformation: CE Diameter (um) smoothed over 11 points

0.0 t = T t t 1
0.1 1 10 100 1000 10000

CE Diameter (um)

Record 2: Al

Figure 28. Aluminum particle size distribution- Volume distribution.

Key Properties of Aluminum Powder for Cold Spray
e Particle Size Distribution:
o Typically ranges between 10—-100 um, depending on the application.
o Finer particles may enhance adhesion but require optimized gas flow conditions.
e Particle Morphology:

o Aluminum powders used in cold spray are almost spherical, influencing deposition
efficiency and flowability.
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e Purity:

o High-purity aluminum (299.5%) is used to prevent contamination and oxidation.

Table 1 shows analysis result of Al particles used; analysis is performed by Malvern institute.

Table 1. Diameter Report of pure Aluminum particles.

Diameter Minimum (um): 0.50
Diameter Maximum (um): 73.87
Particles Counted: 20000
Diameter STDV (um): 8.79

3.3 Substrate manufacturing

The Substrate is made of Carbon Fiber reinforced Polycarbonate. Figure 29 shows alignment of fibers
inside polycarbonate matrix. The material’s commercial name is DAHLTRAM® C-250CF with 20% of
carbon fiber and manufacturing process has been additive manufacturing LFAM supplied by CARACOL-
AM. Table 2 lists material’s data sheet. Near 100 samples were prepared with different sizes. The first set
of samples were simple rectangles and had dimension of 25x16x4 millimeter, the second sets were
rectangles with two holes inside with dimension 60x20 with thickness between 3 to 6 millimeter. The
last set of samples were specifically designed for Adhesion strength test with 25mm diameter and 6 mm
thickness.
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Figure 29. Alignment of carbon fibers in composite (a), Cross section view of in b plane (b) and side view in
direction of fibers (c plane) (c).
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Table 2. TECHNICAL DATA of DAHLTRAM® C-250CF.

Physicals Typical Values
Base Polymer Modified PC
Reinforcements Carbon Fiber
% Fiber Loading 20%

Tensile Strength

X Direction 16.3 ksi (112.4 MPa)
Z Direction 7.3 ksi (50.3 MPa)
Tensile Modulus

X Direction 1.6 Msi (11 GPa)

Z Direction 0.52 Msi (3.0 GPa)
Flexural Strength

X Direction 26.1 ksi (180 MPa)
Z Direction 13.6 ksi (93.8 MPa)
Flexural Modulus

X Direction 1.6 Msi (10.8 GPa)
Z Direction 0.6 Msi (3.8 GPa)

HDT, 1.82 MPa, 3.22 mm

291°F (144°C)

Density as Printed

0.044 Ib/in3 (1.21 g/cc)

3.4 Deposition Process

Experimental Work on Cold Spray Deposition of Aluminum on CFR-PC

The experiments are organized into parameter sets (Set 1 to Set 44), with each set designed to
isolate the effect of one or more parameters. Table 3-9 lists all the parameters and images of cold
sprayed samples have been put in Appendix 1.
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Initial Attempts (Sets 1-6)

Set 1 was the first attempt to deposit a metallic coating on CFR-PC. The coating delaminated
completely, attributed primarily to insufficient pressure and an excessively high feed rate. Table 3
lists cold spray parameters of set 1-6 and sample images.

Table 3. Cold spray parameters of set 1-6.

Sample’s image

Set | Pressure(bar) | Temperature(°C) | Feed Traverse | SOD | Step | No.
No. rate velocity | (mm) | (mm) | of
(g/min) | (mm/s) layers

1 6 250 20.75 30 30 2 2

2 10 250 20.75 30 30 2 2

3 20 250 20.75 30 30 2 2

4 30 250 20.75 30 30 2 2

5 10 250 8.3 30 30 1 1

6 10 300 8.3 30 30 1 1
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In Set 2, pressure was increased to 10 bar, but other parameters remained unchanged. Despite this,
delamination still occurred. Similarly, set 3 (20 bar) and set 4 (30 bar) used progressively higher
pressures to encourage particle penetration. While Set 4 showed signs of particle embedding (Table
4), delamination persisted in all cases, suggesting that adjusting the gas pressure alone was not
sufficient to achieve adhesion.

In set 5, the feed rate was lowered to 8.3 g/min (with 10 bar pressure and 250°C temperature), and
the number of spray passes was reduced to one. The result was still a delaminated coating,
reinforcing the idea that optimizing one parameter in isolation is ineffective.

Set 6 raised the temperature to 300°C, keeping other parameters constant. The intention was to
promote thermal softening of both the aluminum powder and the substrate. The result was again
delamination, though with thinner coating due to the reduced feed rate.

Investigation on Delamination (Sets 7-10)

To investigate the delamination mechanism more thoroughly, set 7 reduced the feed rate to the
minimum possible value (2.08 g/min), used average pressure and temperature (10 bar, 250°C), and
decreased the standoff distance to 20 mm. No continuous coating was observed; only isolated
aluminum particles remained. Table 4 lists cold spray parameters of set 7-10 and their images are
shown in Appendix 1.

Set 8 increased the traverse velocity to 100 mm/s under the same conditions. This further reduced
deposition, indicating that high traverse speeds limit interaction time between particles and
substrate.

In Set 9, pressure was increased to 20 bar and temperature decreased to 150°C to isolate pressure
effects. No deposition occurred, likely due to low temperature and feed rate. Set 10 retained the
same parameters but increased traverse velocity to 100 mm/s. Again, no coating was observed.

Table 4. Cold spray parameters of set 7-10.

Set No. Pressure(bar) | Temperature(°C) | Feed rate Traverse SOD (mm) | Step (mm) No. of
(g/min) velocity layers
(mm/s)
7 10 250 2.08 30 20 1 1
8 10 250 2.08 100 20 1 1
9 20 150 2.08 30 20 1 1
10 20 150 2.08 100 20 1 1
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Gas temperature optimization and Substrate Effects (Sets 11-14)

In Set 11, temperature was doubled to 300°C, with pressure lowered to 15 bar and feed rate
remaining at 2.08 g/min. This resulted in slight improvements in deposition but still no stable
coating. Table 5 lists cold spray parameters of set 11-14 and images are shown in appendix 1.

Set 12 increased the feed rate to 4.15 g/min and pressure to 20 bar. Despite higher energy input and
more powder, deposition remained minimal. Set 13 further raised the temperature to 350°C under
the same feed and pressure values. No coating adhered.

In Set 14, the substrate was preheated 20 times to 300°C before spraying (parameters same as Set
12). This thermal treatment also failed to enhance adhesion.

Table 5. Cold spray parameters of set 11-14.

Set No. | Pressure(bar) | Temperature(°C) | Feed Traverse | SOD Step No. of Details
rate velocity (mm) (mm) layers
(g/min) | (mm/s)
11 15 300 2.08 30 20 1 1 -
12 20 300 4.15 30 20 1 1 -
13 20 350 4.15 30 20 1 1 -
14 20 300 4.15 30 20 1 1 20 times
heating the
substrate

Effect of preheating

Two different approaches can be taken for preheating substrate. First one, to preheat with the same
temperature of deposition spray, in this case, when we are using low temperatures, we cannot
maintain enough heat to the substrate since, we usually use low gas temperatures. And the second
approach is to preheat with higher temperature and spray using lower temperature, in this case,
when the nozzle finishes preheating, it goes back to its reference position and start spraying again,
this takes enough time for substrate to cool down and it makes preheating ineffective.

Multistep layering approach (Sets 15-19)

Set 15 introduced two spray passes using the same parameters as Set 12 but reduced pressure to 15
bar. Visually, the sample appeared fully covered. However, figure 30 shows that SEM and SM
analysis revealed that only 35% of the substrate was covered with aluminum. This was the first
parameter set to show partial success and was used as a baseline in later experiments. Table 6 lists
parameters of set 15-19.
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Figure 30. Analysis of SEM (Scanning electron microscopy) (a) and its analysis (b), Optical Microscopy and its

analysis (c and d) for the set No.15, using Imagel. In (b) 36% and in (d) 35% of substrate has covered with Al

particles.

Table 6. Cold spray parameters of set 15-19.

Set Pressure(bar) | Temperature(°C) | Feed rate | Traverse | SOD Step No. of | Details
No. (g/min) velocity | (mm) (mm) layers
(mm/s)

15 15 300 4.15 30 20 1 2

16 15 300 2*4.15+6.23 30 20 1 3 First two
passes
4.15 and
third pass
6.23

17 15 300 4.15 30 20 1 3

18 15 300 3*4.,1542%6.23 | 30+60 20 1 5 First three
passes
4.15 and
last  two
passes
6.23

19 15 300 4.15 30 20 1 4
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Set 16 built on Set 15 by applying three layers: two using the original feed rate (4.15 g/min) and one
with an increased feed rate (6.23 g/min). The goal was to use embedded particles from the first
continuous layer to support coating buildup. While deposition improved, the substrate experienced
significant damage, and full coverage was still not achieved.

Set 17 repeated Set 15 but increased the number of layers to three (all at 4.15 g/min). Substrate
damage was reduced, and this set was selected for future multilayer trials.

Set 18 used two layers sets: the first three with 4.15 g/min and 30 mm/s, and the next two with 6.3
g/min and 60 mm/s. Although this layering intended to ease buildup, it resulted in high substrate
damage due to prolonged exposure to hot, pressurized gas.

Set 19 applied four layers (4.15 g/min, 30 mm/s), resulting in extreme substrate degradation.

Set 20: First three layers sprayed at 15 bar and 300°C, followed by one layer at 10 bar and 250°C.
Deposition was scattered and favored one side. Table 8 lists cold spray parameters of set 20-25 and
their sample images are shown in appendix 1.
Set 21: Added one extra pass from the second set. Deposition remained scattered and negligible.
Set 22: Six passes total (3 + 3), showing a small aluminum cluster in one corner, but surprisingly no
substrate damage.

In Sets 23 and 24, inconsistencies occurred due to the cold spray system malfunction.
Set 25 introduced a refined approach with:

e Pressure: 15 bar

e Temperature: 300°C

e Feed rate: 8.3 g/min

e One spray pass

This configuration produced a uniform and quasi well-attached coating. Four samples were
produced; one showed delamination. Set 25 was selected as the baseline for further development.
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Table 7. Cold spray parameters of set 20-25.

Set No. | Pressure(bar) | Temperature(°C) | Feed Traverse | SOD Step No. of Details
rate velocity (mm) (mm) layers
(g/min) | (mm/s)

20 15+10 300+250 4.15 30 20 1 4 Three

passes
15/300 and
one pass
10/250

21 15+10 300+250 4.15 30 20 1 5 Three

passes
15/300 and
two pass
10/250

22 15+10 300+250 4.15 30 20 1 6 Three

passes
15/300 and
three pass
10/250

23 15 300 4.15 30 20 1 4 problem in
(&)

machine.

24 15 300 4.15 30 20 1 4 problem in
CS

machine.

25 15 300 8.3 30 20 1 1
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Effect of surface treatments and gas temperature (Sets 26—35)

Set 26: The same parameters as Set 25 were used, but the substrate was grit-blasted with alumina
particles to increase surface roughness and enhance mechanical interlocking. A similar coating
quality to set 25 was observed. The effect of substrate grit blasting on the coating—substrate
interface is discussed later. Table 9 lists cold spray parameters of set 26-35 and their sample images
are shown in appendix 1.

Set 27: Same as Set 25 but sprayed on as-built substrate (no milling) = poor coating due to steep
layer geometry, as-built substrates were excluded from future work.

Set 29: Temperature increased to 350°C - coating slightly thinner on one side.

Set 30: Same as Set 29 with grit-blasted substrate - coating slightly more uniform.
Set 31: Same as Set 30, but without milling = poor coating.

Set 32 & 33: Temperature = 400°C

e 33 used grit-blasting.
-> Successful deposition, but non-uniform appearance; appearance of grit-blasted and
untreated substrates was similar.

Set 32a and 32b: These two sets have the same parameters of set 32 but lower feed rate, they were
designed during adhesion test to study effect of feed rate on adhesion strength.
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Table 8. Cold spray parameters of set 26-35.

Set No. | Pressure(bar) | Temperature(°C) | Feed Traverse | SOD Step No. of Details
rate velocity (mm) (mm) layers
(g/min) | (mm/s)

26 15 300 8.3 30 20 2 1 Grit-
blasted

27 15 300 8.3 30 20 2 1 As built
(without
milling)

29 15 350 8.3 30 20 2 1

30 15 350 8.3 30 20 2 1 Grit-
blasted

31 15 350 8.3 30 20 2 1 As built
(without
milling)

32 15 400 8.3 30 20 2 1

32a 15 400 6.2 30 20 2 1

32b 15 400 4.15 30 20 2 1

33 15 400 8.3 30 20 2 1 Grit-
blasted

34 20 300 8.3 30 20 2 1

35 20 300 8.3 30 20 2 1 Grit-
blasted

Set 34 & 35:

Pressure: 20 bar
Temperature: 300°C

Set 35 used grit-blasted substrate.
- Both produced homogeneous coatings with uniform thickness.

Boundary Conditions and Failures (Sets 36—44)

Set 36 & 37:

Temperature = 350°C

Pressure = 20 bar

- Coating consistency decreased; 37 (grit-blasted) caused substrate damage. These
conditions mark the upper limit of the deposition window. Table 10 lists cold spray
parameters of set 36-44 and their sample images are shown in appendix 1.
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Set 38 & 39:
e Temperature = 400°C

e Pressure =20 bar
- Excessive heat and pressure caused severe substrate destruction.

Table 9. Cold spray parameters of set 35-44a.

Set No. | Pressure(bar) | Temperature(°C) | Feed Traverse | SOD Step No. of Details
rate velocity (mm) (mm) layers
(8/min) | (mm/s)
36 20 350 8.3 30 20 2 1
37 20 350 8.3 30 20 2 1 Grit-
blasted
38 20 400 8.3 30 20 2 1
39 20 400 8.3 30 20 2 1 Grit-
blasted
40 15 250 8.3 30 20 2 1
41 15 250 8.3 30 20 2 1 Grit-
blasted
42 10 300 8.3 30 20 2 1
43 10 300 8.3 30 20 2 1 Grit-
blasted
44 17.5 350 8.3 30 20 2
44a 17.5 350 4.15 30 20 2 1
Set 40 & 41:

e Temperature = 250°C

e Pressure =15 bar
- Acceptable coating with some edge areas left bare. Represents the lower limit of the
deposition window.

Set 42 & 43:
e Temperature = 300°C

e Pressure =10 bar
- Initial coating looked promising but delaminated (especially in grit-blasted sample 43).

Set 44: Designed with intermediate values between Sets 32 and 34, but not tested on rectangular
samples.
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Set 44b: This set has the same parameters of set 44 but with lower feed rate, it was designed during
adhesion test to study effect of feed rate on adhesion strength.

In general, the number of sets without any letter means the feed rate is 2 rpm or 8.3 gr/min; letter

a” means the feed rate is 1.5 rpm or 6.2 gr/min and letter “b” means feed rate is 1 rpm or 4.15
gr/min.

Effect of grit blasting of substrate on Coating Adhesion

Grit blasting was applied to the substrate to increase surface roughness and promote better
adhesion of aluminum particles during deposition. However, SEM imaging revealed that grit blasting
may have adverse effects. Figure 31 shows the interface between the aluminum coating and the
CFRP substrate. The sample on the left, produced using Set No. 32, received no surface treatment.
In contrast, the sample on the right, produced with Set No. 33, underwent grit blasting. Visible
cracks at the interface in the grit-blasted sample suggest that embedded alumina particles may have
disrupted uniform bonding, leading to localized stress and poor adhesion.
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Figure 31. SEM images. Interface between aluminum coating and substrate; Set No. 32 on the left (no treatment)
set No. 33 on the right (grit blasted substrate).

Metallographic observation and analysis

Samples of sets No.25, 29, 32, 34, 35 and 35 have been grinded with abrasive paper 250 to 2500
and then have been polished with 6, 3 and 1-micron alumina particles and were etched with Keller
solution for 90 seconds. A Zeiss optical microscopy was used to observe microstructure and take
photographs.
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3.5 Characterization

3.5.1 Microhardness

Microhardness was measured using Vickers method with 100gr force (HVo.1). Five to eight measurements
have been performed on each sample, minimum distance between each indent has been at least five
times of indent diagonal distance. Standard deviation values for all the tests have shown that the results
are consistent. Figure 32 shows a Vickers hardness testing machine. Figure 33 shows an example of the
hardness value including average value and standard deviation for tested samples and table 10 lists set
parameters and average hardness in Vickers.

Figure 32. Vickers hardness testing machine.[88]
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Hardness (HV0.1)

Figure 33. Hardness result in HVq ; for set No.34. Red dash line shows average hardness and grey region is +1
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Table 10. Hardness values of sets No.25, 29, 32, 33, 34, 35 and 36.

Set No. | Temperature (°C) | Pressure (bar) Hardness Standard

(HVo.1) deviation
25 300 15 25.25 3.38
29 350 15 25.61 4.06
32 400 15 24.90 1.18
33 400 15 23.40 3.60
34 300 20 30.94 1.01
35 300 20 26.66 3.27
36 350 20 26.82 4.28
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Effect of temperature on Hardness

Figure 34 shows average hardness values with respect to spray temperature at constant pressure of 15
bar and 20 bar. The plot illustrates that temperature has a significant impact on the hardness of the
material, with the effect being influenced by the level of applied pressure. At 15 bars, the hardness
slightly increases from 25.25 HV,; at 300°C to 25.61 HV, 1 at 350°C. However, as the temperature rises
further to 400°C, the hardness decreases to 24.90 HVy1. This drop indicates that thermal softening
mechanisms, such as recovery, recrystallization, or grain coarsening, start to dominate at higher
temperatures, leading to a loss in hardness. [89]

In contrast, at 20 bar pressure, a clear and consistent decreasing trend is observed. The hardness
decreases from 30.94 HV, at 300°C to 26.82 HVy1 at 350°C. The initially higher hardness at 20 bar is
likely due to enhanced densification or strain hardening under higher pressure [53]. Nevertheless, the
rapid loss in hardness with temperature suggests that materials treated at higher pressures might
become more sensitive to thermal activation, accelerating processes like grain growth or phase
transformations that weaken the material.[89]

General trend:

e Higher temperatures reduce hardness due to thermally activated mechanisms like dislocation
recovery, grain boundary movement, or phase softening [89].

e The hardness loss is more significant at higher pressure (20 bar), showing that materials
processed under high pressure might be more sensitive to softening at elevated temperatures.

Hardness vs Temperature at 15 bar and 20 bar
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Figure 34. Trend of temperature effect on hardness in constant pressure 15 bar and 20 bar.
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Effect of pressure on Hardness

Figure 35 shows average hardness with respect to pressure, increasing pressure from 15 bar to 20 bar
generally increases hardness, especially at 300°C. The plot clearly demonstrates that pressure plays a
major role in influencing the hardness of the material across different temperatures. At a constant
temperature of 300°C, the hardness under 20 bar pressure is significantly higher (30.94 HV,1) compared
to that under 15 bar pressure (25.25 HVq1). This substantial increase suggests that applying higher
pressure during processing enhances the material’s density, reduces porosity, and promotes finer
microstructures, all of which contribute to higher hardness values. Pressure likely assists in closing voids
and refining grains, both of which are critical for strengthening the material [53].

As the temperature increases, the difference between the hardness at 15 bar and 20 bar becomes
smaller. At 350°C, although the hardness at 20 bars (26.82 HVy1) is still higher than at 15 bar (25.61
HVo1), the gap narrows. This trend suggests that while pressure improves hardness at lower
temperatures, its strengthening effect becomes less dominant as temperature rises. Thermal softening
processes such as grain growth, recovery, and phase transformations become more active at elevated
temperatures, partially offsetting the benefits introduced by high-pressure processing. Figure 36 shows
3D scatter plot of pressure, temperature, and Hardness

General trend:

e Higher pressure increases hardness, especially at lower temperatures, due to improved
densification and finer microstructures.

e The difference in hardness between 15 bar and 20 bar decreases as temperature rises, showing
that the strengthening effect of pressure becomes less effective at higher temperatures because
of thermal softening.
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Hardness vs Pressure at 300°C and 350°C
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Figure 35. Trend of pressure effect on hardness in constant temperature of 300°C and 350°C.

w w
[SI=1

N N
® O
Average Hardness (Hv0.1)

27
26
25
24
400
380, 0
N
Pl‘es 320 L
Sy, &
"®lbar) 10 L, 300 ®

Figure 36. 3D Scatter Plot of Pressure, Temperature, and Hardness
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3.5.2 Electrical conductivity

Electrical Conductivity Measurement Using the Eddy Current Method

For cold-sprayed aluminum coatings, evaluating electrical conductivity provides critical insights into
coating quality, material integrity, and potential performance in electrical or thermal applications. Given
that cold spray is a solid-state deposition process, the conductivity of the resulting aluminum layer can
differ significantly from bulk aluminum due to porosity, oxide inclusions, and particle-particle bonding
characteristics.

The eddy current method is a non-contact, non-destructive testing (NDT) technique widely used to
measure the electrical conductivity of metallic materials. Figure 37 shows eddy current instrument. It
operates on the principle of electromagnetic induction. When an alternating current flows through a coil
in the probe of the eddy current instrument, it generates an alternating magnetic field. This field induces
circulating currents known as eddy currents on the surface of a nearby conductive material. The
magnitude and distribution of these currents depend on the electrical conductivity, magnetic
permeability, and geometry of the material. [90]

Changes in the eddy currents in turn alter the impedance of the measuring coil, and these impedance
changes are analyzed to determine the material’s electrical conductivity. The method is particularly
sensitive to the surface and near-surface regions of the sample, making it well-suited for thin coatings
such as those produced by cold spray.
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Figure 37. Shows Forester Sigmatest electrical conductivity instrument (Courtesy of Forester Instruments).

Applicability to Cold-Sprayed Aluminum

The eddy current method is particularly advantageous for evaluating cold-sprayed aluminum coatings.
Since the cold spray process avoids melting the feedstock, the microstructure of the deposited layer can
vary substantially depending on spray parameters, resulting in variable conductivity. The eddy current
technique allows rapid, non-invasive measurement of these variations, providing a means to assess
coating uniformity, detect inhomogeneities, and indirectly infer other quality factors like porosity or
oxide contamination.

Moreover, because in our study cold-sprayed layers are typically thin (ranging hundreds of micrometers),
the shallow penetration depth of eddy currents—typically a few millimeters at most—matches well with
the coating thickness, ensuring that the measurement predominantly reflects the coating rather than the
substrate.
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Instrumentation and test performance

In this study, electrical conductivity measurements were performed using the Fischer Sigmatest 2.069, a
precision eddy current instrument designed for accurate conductivity assessment of non-ferromagnetic
metals. The device operates at selectable frequencies ranging from 60 kHz to 480 kHz, allowing
adaptation to different material thicknesses and conductivity ranges. It complies with ASTM E1004 and
other international standards, ensuring reliable and traceable results. Sl unit for electrical conductivity is
S (siemens) which is the inverse of resistance, however, “MS/m” which is one million siemens per meter
(over length) is commonly used. For the measurement of aluminum coatings, 60 kHz frequency setting
was chosen to optimize sensitivity to the coating while minimizing the influence of the underlying
substrate.

Total eight tests were carried out on every sample and the results are shown in Table 11. According to
ASM handbook vo.2, electrical conductivity for pure bulk Aluminum is 37.7 MS/m at 20°C [87] and
relative electrical conductivity with respect to pure aluminum electrical conductivity is calculated in
Table 11.

The electrical conductivity values vary notably across the tested conditions, ranging from 16.51 MS/m
(Set 40) to 24.18 MS/m (Set 34). The highest conductivity was observed for coatings produced at a gas
temperature of 300 °C and a pressure of 20 bar (Set 34), while the lowest occurred at 250 °C and 15 bar
(Set 40).

The relative electrical conductivity, expressed as a percentage, follows a similar trend, with Set 34
exhibiting the highest value at 64.1%, and Set 40 the lowest at 43.8%. Among all the sets, Set No. 30
(350 °C, 15 bar) achieved a relatively high conductivity of 23.67 MS/m with the lowest standard
deviation (0.11 MS/m), indicating good measurement consistency and process stability.

On the other hand, Set No. 44 (350 °C, 17.5 bar) showed relatively low conductivity (17.64 MS/m) and
the highest variability (standard deviation of 2.66 MS/m), suggesting possible inhomogeneities in coating
formation under these conditions. Overall, both gas temperature and pressure influence electrical
conductivity, with elevated pressure (e.g., 20 bar) generally correlating with higher values, provided
temperature remains within an optimal range.
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Table 11.

Average electrical conductivity and its standard deviation for different sets of parameters.

Set No. Gas Temperature | Gas  pressure | Electrical Standard Relative
(°C) (bar) conductivity deviation electrical
(MS/m) conductivity

(%)
25 300 15 17.53 0.34 46.5
30 350 15 23.67 0.11 62.8
32 400 15 20.88 0.22 55.3
34 300 20 24.18 0.24 64.1
40 250 15 16.51 0.15 43.8
42 300 10 20.16 0.79 53.5
44 350 17.5 17.64 2.66 46.8

Effect of gas Temperature on electrical conductivity

Figure 38 shows electrical conductivity vs Temperature curve in constant pressure 15 bar. At a fixed gas
pressure of 15 bar, the electrical conductivity shows a nonlinear relationship with temperature. Initially,
as the temperature increases, the conductivity rises significantly:

From 16.51 MS/m at 250°C (Set 40) to 17.53 MS/m at 300°C (Set 25),

Then sharply to a peak of 23.67 MS/m at 350°C (Set 30).
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Electrical Conductivity vs Temperature at 15 bar
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Figure 38. Electrical conductivity vs Temperature in constant pressure 15 bar.

This indicates that elevating the temperature enhances the mobility or availability of charge carriers in
the system, thereby increasing electrical conductivity. The peak at 350°C suggests an optimal range for
conductive performance at this pressure. However, as temperature continues to rise to 400°C (Set 32),
the conductivity decreases slightly to 20.88 MS/m.

Overall, the results demonstrate that at 15 bar, temperature significantly influences electrical
conductivity, with an optimal range around 350°C. Beyond that, further heating may lead to diminishing
returns or even a reduction in conductivity [79].
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Effect of gas Pressure on electrical conductivity

Figure 39 shows electrical conductivity vs Pressure curve in constant temperature of 300°C and 350°C. At
a constant temperature of 300°C, the electrical conductivity generally increases with increasing gas
pressure. Specifically, the conductivity rises from 20.16 MS/m at 10 bar (Set 42) to 24.18 MS/m at 20 bar
(Set 34), with a slight dip to 17.53 MS/m at 15 bar (Set 25), which may reflect experimental variation.
Overall, this trend suggests that higher pressure enhances the conductive behavior of the gas at 300°C.

Electrical Conductivity vs Pressure at 300°C and 350°C
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Figure 39. Electrical conductivity vs Pressure in constant temperature of 300°C (blue) and 350°C (red).

In contrast, at 350°C, the effect of pressure on electrical conductivity appears to be nonlinear.
Conductivity is highest at 15 bar (Set 30) with a value of 23.67 MS/m, but then decreases to 17.64 MS/m
at 17.5 bar (Set 44). This suggests that while a moderate increase in pressure initially improves
conductivity, further increases may reduce it, possibly due to saturation effects or changes in the gas's
physical properties at elevated temperatures and pressures.

These results indicate that the influence of pressure on electrical conductivity is temperature dependent.
While increasing pressure enhances conductivity at 300°C, the same trend does not hold consistently at
350°C, highlighting a complex interaction between pressure and temperature in determining the
electrical behavior of the system.
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3.5.3 Adhesion strength test

Adhesion strength is a critical parameter in evaluating the performance and reliability of coatings, films,
and bonded interfaces in various engineering applications. The pull-off adhesion test is one of the most
widely used methods to quantitatively assess the bond strength between a coating and its substrate.
This test involves applying a tensile force perpendicular to the interface until failure occurs, allowing for
direct measurement of the adhesion strength.

The Universal Tensile Test Machine (UTM) is commonly employed for conducting pull-off tests due to its
high precision, controlled loading rates, and versatility. In a typical setup, a metal dolly or stud is firmly
bonded to the surface of the coating using a strong adhesive. Once the adhesive cures, the UTM applies
a tensile load to the dolly at a constant rate until the coating detaches from the substrate or failure
occurs at another interface. The maximum force recorded at failure, normalized by the contact area,
provides the adhesion strength in units such as MPa.

In the first attempt for producing samples for adhesion test (based on ASTM D4541), circular substrates
were prepared (25 mm diameter); using circular samples extremely decreased the deposition and build-
up and roughly one out of six spray was sound. A phenomenon called “Edge effect” may had intervened
the powder fluctuation on the edge of circular samples and had created a regime that never was
observed in case of rectangular samples. Figure 40 show the circular samples on the cold spray table, the
circular samples were intended to be used for adhesion test using universal tensile test machine which
never happened.

Figure 40. Circular shape samples after spray.

The adhesion strength of the coatings was evaluated using the PosiTest AT-A Automatic Pull-Off Adhesion
Tester (DeFelsko Corporation, USA). This device measures the force required to detach a coating from its
substrate by applying a perpendicular tensile load, in accordance with international standards such as
ASTM D4541 and ISO 4624. Figure 41 shows the test equipment.
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Equipment and Test Parameters
e Device: PosiTest AT-A Automatic Pull-Off Adhesion Tester
e Dolly Size: 20 mm diameter dollies
e  Maximum Applied Stress: 24 MPa
e Pull Rate: Adjustable; set according to ASTM D4541 guidelines.

e Test Standards: ASTM D4541, ISO 4624

Figure 41. Adhesion strength test equipment [86].
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Test Procedure

1. Surface Preparation: The test surface was cleaned to remove contaminants and lightly abraded
to ensure optimal adhesion of the dolly.

2. Dolly Attachment: A two-part epoxy adhesive was applied to the base of the 20 mm aluminum
dolly, which was then affixed to the prepared coating surface. The adhesive was allowed to cure
fully, as per the manufacturer's recommendations.

3. Test Execution: The PosiTest AT-A device applied a controlled tensile load perpendicular to the
coating surface. The load was increased at a constant rate 1 MPa per second until failure
occurred, with the maximum stress recorded.

4. Failure Analysis: Post-test, the failure mode was examined and categorized as adhesive (failure at
the coating-substrate interface) or glue failure, cohesive (failure within the coating) was not
possible since there was only one layer of coating. Figure 42 shows failure modes.

The PosiTest AT-A's electronic control ensures a smooth and continuous application of force, minimizing
user influence and enhancing repeatability. Its internal memory stores test parameters and results,
facilitating data analysis and reporting.

Substrate
Cohesive fracture Adhesive fracture Glue failure
(within a layer) (between layers) (coating/glue)

Figure 42. Failure modes [86].
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Test performance and results

larger samples were prepared, each capable of accommodating eight spray tests. Figure 43 shows four
sprayed samples in detail. In this phase, parameter sets that had shown better results in previous trials
were selected. Among them, parameter set No. 32 (with a gas temperature of 400 °C and a pressure of
15 bar) produced a higher number of sound coatings. In contrast, group No. 44 yielded only a few sound
coatings, and set No. 34 resulted in no coating formation.

An attempt to optimize set No. 32 by reducing the powder feed rate to 4.15 and 6.2 g/min (from the
original 8.3 g/min) surprisingly did not reduce the coating build-up or thickness.

Although group No. 32 appeared to provide the most favorable conditions for coating build-up on the
substrate, the results both from this series and previous spray attempts, revealed no parameter set with
consistently successful outcomes. This underscores the inherent difficulty of cold spraying aluminum
powders onto CFRP—polycarbonate substrates, particularly in the absence of any interface-enhancing
technique, such as the use of a tin interlayer, an aluminum mesh bonded with adhesive, or other
methods to improve interfacial bonding [37, 62 and 68].
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Figure 43. Show a) New substrate design, b) set No. 44 (four samples on the left) and set No. 32b on the right, c)
set No. 34 on the left and set No.32 on the right, d) set No. 32a. e) set No. 44b on the left and set No. 32b on the
right.
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After performing test procedure requirements, DeFelsko EP11HT epoxy adhesive was used to attach the
dollies to substrate. The adhesive curing was occurred in ambient temperature for 24 hours. Figure 44
shows attached dollies to the substrate. Testing the adhesive, 10 MPa adhesion strength was measured
between aluminum dollies and the substrate. Despite 32 MPa reported adhesion strength between two
smooth aluminum parts in the adhesive data sheet.

Figure 44. The attached dollies to the coatings.

The measured adhesion strength results have been reported in table 12 All the tests resulted in adhesive
failure (coating failure) at the coating-substrate interface.

Set 32 (400 °C, 15 bar, 8.3 g/min) achieved an average adhesion strength of 4.60 MPa with a relatively
low standard deviation (0.69 MPa), indicating consistent bonding across four samples.

Set 32a, with a reduced feed rate of 6.2 g/min at the same temperature and pressure, exhibited a
decreased adhesion strength (3.61 MPa) and a higher standard deviation (1.19 MPa), suggesting more
variability and weaker bonding.

Set 32b (400 °C, 15 bar, 4.15 g/min) showed the highest adhesion strength (5.82 MPa) but also the
highest variability (1.96 MPa), indicating that a lower feed rate might enhance bonding but can introduce
inconsistency.

Set 44b (350 °C, 17.5 bar, 4.15 g/min) resulted in an average adhesion strength of 4.77 MPa with low
variability (0.59 MPa), even with only two samples tested.

Set 44 (same parameters as 44b but with a higher feed rate of 8.3 g/min) produced an adhesion strength
of 4.36 MPa, although only one sample was tested, so no statistical evaluation can be made.

This analysis highlights that lower feed rates tend to increase adhesion strength, though with greater
variability, and that both gas temperature and pressure also influence the adhesion strength of Al to
CFRP upon cold spray processing.
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Table 12. Adhesion strength values for different parameters’ sets.

Set No. Gas Gas pressure | Feed rate Adhesion Standard Number
Temperature (bar) (gr/min) strength deviation of
(°C) (MPa) (MPa) samples

32 400 15 8.3 4.60 0.69 4

32a 400 15 6.2 3.61 1.19 4

32b 400 15 4.15 5.82 1.96 4

44b 350 17.5 4.15 4.77 0.59 2

44 350 17.5 8.3 4.36 - 1

Figure 45 shows adhesion strength versus feed rate curve in constant temperature (400°C) and pressure
(15bar). The relationship between feed rate and adhesion strength during the cold spray process shows a
non-linear trend. As observed in the graph, increasing the feed rate from 4 g/min to 6 g/min results in a
significant decrease in adhesion strength, from approximately 5.6 MPa to 3.8 MPa. This drop is probably
due to the overloading of particles in the gas stream. When the feed rate is too high, the gas flow cannot
sufficiently accelerate all particles to the critical velocity needed for strong adhesion. Consequently,
particle impact becomes less effective, leading to poor plastic deformation and weak bonding with the
substrate. Additionally, particles may rebound or form a loosely packed coating, which further reduces
adhesion strength. However, when the feed rate is increased further from 6 g/min to 8 g/min, the

adhesion strength begins to rise again, reaching about 5.0 MPa.
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Adhesion Strength vs Feed Rate at 400°C and 15 bar
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Figure 45. Adhesion strength vs feed rate in constant temperature (400°C) and pressure (15bar).

3.5.4 Flattening ratio measurement

In this study, the flattening ratio () is calculated by dividing the major axis length of a deformed particle
by its minor axis length after impact. This method relies solely on post-impact geometry, avoiding the
need to measure the particle size before impact. Figure 46 shows and example of flattening ratio (FR)
measurement on one grain.

The extent of particle flattening reflects how much plastic deformation occurred during the impact. A
higher flattening ratio indicates that the particle spread more widely, generally leading to a larger
contact area with the substrate and promoting better adhesion. However, particle deformation is
strongly influenced by factors such as impact velocity and material properties. As the impact velocity
increases, changes in particle shape and interaction with the substrate can either enhance or limit
further flattening.

By using direct measurements of impacted particles, this approach allows for an accurate and isolated
evaluation of particle deformation, making it a valuable tool for understanding and optimizing cold spray
processes. Table 13 lists flattening ration values for different sets.
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Figure 46. Measurement of major axis length (W) and minor axis length (H) on one selected grain.

Table 13. Flattening ratio values for different sets of parameters.

Set No. | Temperature (°C) | Pressure (bar) | Flattening
ratio

25 300 15 2.64

29 350 15 2.67

32 400 15 2.72

34 300 20 2.75

35 300 20 2.52

36 350 20 2.53
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Chapter 4: Discussion

4.1 Microstructure and flattening ratio

Figures 46-51 show the microstructure of cold sprayed Al coatings. During cold spray deposition,
particles hit the surface, flatten and stick because of the strong impact, without melting. Due to the
intense plastic deformation caused by particle impact at supersonic speeds, the particles undergo grain
refinement.

Cold spray does not involve melting, so solidification textures are absent. Instead, a deformation induced
texture may be observed, which can be influenced by the spray direction and substrate geometry.

Figure 47. Microstructure of sample set 25 with 50x magnification.
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Figure 48. Microstructure of sample set 29 with 50x magnification.

Figure 49. Microstructure of sample set 32 with 50x magnification.
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Figure 50. Microstructure of sample set 34 with 50x magnification.

Figure 51. Microstructure of sample set 35 with 50x magnification.
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Figure 52. Microstructure of sample set 36 with 50x magnification.

According to flattening ratio (FR) results in Table 9 and Figures 46-51, the highest flattening ratios were
recorded in samples exposed to higher gas temperatures (350—400°C) and moderate-to-high pressures
(15-20 bar), such as Sets 34—-36. These sets also showed more continuous and compact microstructures;
where studies report that increased particle velocity and temperature enhance plastic deformation,
leading to more flattened particles and improved contact with the substrate [16, 47 and 51]. For
instance, reference [14] describes the appearance of highly deformed particles with reduced aspect
ratios as characteristic of effective bonding and coating densification.

Conversely, samples sprayed at lower temperatures and pressures, such as Sets 25 and 29, exhibited
lower flattening ratios and more spherical particle cross-sections, indicating insufficient deformation.
These findings align with prior observations that sub-critical impact velocities limit particle-substrate
interlocking, thereby reducing coating quality and mechanical performance [48].

The flattening ratio results provide a direct validation of cold spray deposition theory: higher thermal
and kinetic energy promotes particle flattening, which in turn enhances coating integrity. These
observations are consistent with the bonding mechanism dominated by mechanical interlocking
described in [16, 44 and 74], further reinforcing the importance of optimizing gas temperature and
pressure for cold spray on thermoplastic composites.
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4.2 Microhardness

The microhardness of aluminum coatings deposited via High-Pressure Cold Spray (HPCS) on CFRP-PC
substrates was evaluated using the Vickers hardness test (HVo.1). This parameter plays a vital role in
determining the mechanical performance and durability of the coating. Coating hardness is influenced
by several process parameters, including gas temperature, pressure, stand-off distance, and feed rate, all
of parameters which impact particle velocity and deformation behavior upon impact [16].

4.2.1 Effect of Temperature on Hardness

As shown in Figure 34, an increasing trend in hardness values was observed with rising gas temperatures
at constant pressures of 15 and 20 bar. This result is consistent with findings in the literature where
higher gas temperatures are reported to enhance particle velocity and kinetic energy, leading to greater
plastic deformation and denser coatings [47]. The elevated temperature contributes to softening the
aluminum particles just enough to improve their deformability upon impact without causing melting,
which enhances mechanical interlocking and results in a harder, more compact coating [30, 49].

Furthermore, increased gas temperature reduces the critical velocity required for deposition, thereby
enabling more effective particle bonding and strain hardening, both of which contribute to higher
hardness values [51]. This aligns with prior studies on aluminum deposition over polymer substrates,
where hardness improvements were attributed to the elevated temperatures enhancing coating density
and reducing porosity [39].

However, it is important to note that excessively high temperatures led to substrate thermal degradation
in certain test sets. This behavior has also been described in literature, where thermoplastic matrix
degradation becomes a concern at elevated process temperatures, especially beyond 350°C for PC-based
substrates [50].

4.2.2 Effect of Pressure on Hardness

As illustrated in Figure 35, increasing gas pressure from 15 to 25 bar at constant temperatures of 300°C
and 350°C also led to improved microhardness. The effect of pressure on hardness is primarily through
its influence on particle velocity. A higher gas pressure directly increases particle impact velocity, thereby
enhancing the degree of plastic deformation, mechanical interlocking, and densification of the coating
[48]. This trend supports findings by researchers who reported increased hardness in cold-sprayed
coatings with rising gas pressure due to improved particle-substrate bonding and reduced porosity [16,
53].
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The experimental data showed peak hardness in sample set No. 36, which was sprayed at the highest
temperature and pressure combination. The 3D scatter plot in Figure 36 further validates the synergistic
effect of pressure and temperature on hardness outcomes. These findings mirror those in [16] and [74],
which identified both pressure and temperature as critical parameters for optimizing coating hardness.

Notably, there is a trade-off to consider: while higher pressures improve hardness, they also increase the
risk of substrate erosion and particle rebound when working with polymer substrates, as noted in both
experimental observation and prior studies [54, 7]. Therefore, a process window must be identified that
maximizes hardness without compromising substrate integrity.

4.3 Electrical conductivity

Electrical conductivity is a crucial performance metric for metallized CFRP composites, particularly for
applications in electromagnetic shielding, grounding, and lightning strike protection. In this study, the
aluminum coatings deposited via cold spray were evaluated using the Fischer Sigmatest device, which
measured conductivity in Siemens per meter (S/m). The influence of process parameters specifically gas
temperature and pressure on the conductivity of the coatings was systematically investigated.

4.3.1 Effect of Temperature on Electrical Conductivity

As shown in Figure 38, a clear increasing trend in electrical conductivity was observed with rising gas
temperatures at a constant pressure of 15 bar. This trend is consistent with findings in [51], where
aluminum coatings deposited at higher temperatures exhibited improved electrical performance due to
better particle bonding and reduced oxide inclusions. Higher temperatures lead to enhanced particle
deformability and improved consolidation at the interface, resulting in lower contact resistance between
particles and higher electrical continuity throughout the coating [47, 51].

Moreover, elevated gas temperatures increase particle impact energy and velocity, thereby reducing void
content and porosity within the coating—a known contributor to increased electrical resistivity [44, 48].
Literature also suggests that high temperatures facilitate slight thermal softening of the polymer
substrate (polycarbonate), allowing better particle embedding and interfacial conformity, which
enhances electrical pathways [67].

However, excessive gas temperatures risk thermal damage to the CFRP substrate, including resin
degradation and fiber-matrix delamination. This trade-off is supported by studies showing reduced
electrical performance or mechanical integrity when temperatures exceed the substrate’s safe
processing window (e.g., >350°C for polycarbonate composites) [50].
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4.3.2 Effect of Pressure on Electrical Conductivity

The data presented in Figure 39 indicates a positive correlation between gas pressure and electrical
conductivity at both 300°C and 350°C. At higher pressures, the particles attain greater velocities,
resulting in more effective bonding through plastic deformation, reduced porosity, and improved
interparticle contact all of which contribute to enhanced electrical conductivity [48, 53].

This behavior has been previously reported for aluminum cold spray coatings on both metallic and non-
metallic substrates, where coatings formed under higher pressures demonstrated significantly lower
resistivity and improved grain connectivity [45]. In particular, reference [19] highlighted that the volume
resistivity of Al cold sprayed onto CFRP decreased notably with increasing pressure due to better
compaction and reduction in insulating gaps between particles.

While improved pressure conditions benefit conductivity, high pressures must be balanced with the risk
of erosion and damage to the composite substrate, as indicated by visual degradation in some high-
pressure test sets. This phenomenon has been described in [7], where carbon fiber fracture and epoxy
matrix loss occurred under extreme pressure-temperature combinations.

Combined Effects and Optimal Range

The 3D mapping of conductivity as a function of temperature and pressure showed optimal performance
in mid-to-high temperature (350-400°C) and mid-pressure (20 bar) regions, confirming the synergistic
role of these two parameters. Conductivity degradation beyond these points was primarily attributed to
substrate erosion or poor mechanical interlocking due to insufficient embedding of particles, aligning
with mechanisms described in [1] and [70].

Overall, the cold-sprayed aluminum coatings achieved promising levels of electrical conductivity under
optimized conditions, validating the suitability of this technique for surface functionalization of polymer
composites. However, further enhancement may be pursued by employing interlayers or post-treatment
processes such as annealing to reduce internal stresses and enhance metallurgical contact [68, 69].

4.4 Adhesion strength

Adhesion strength is one of the most critical quality indicators for cold-sprayed metallic coatings,
especially when applied on polymer-based substrates like carbon fiber-reinforced polycarbonate (CFRP-
PC). The unique challenge in this context lies in achieving sufficient bonding without the support of
metallurgical interfaces, relying almost entirely on mechanical interlocking [16, 36].
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In this work, adhesion strength was measured using a pull-off test following ASTM D4541 standard, as
described in Section 3.5.3. The dolly pull-off test revealed a wide range of adhesion strengths, strongly
dependent on process parameters such as gas pressure, temperature, traverse speed, and surface pre-
treatment.

4.4.1 Influence of Process Parameters on Adhesion

Gas Pressure and Temperature

As shown in Figure 45, the highest adhesion values were obtained at a gas pressure of 15 bar and gas
temperature of 400°C, using a moderate feed rate. The results confirm that a combination of high
velocity and sufficient thermal softening of the polymer surface enables improved particle embedding
and interlocking, consistent with bonding mechanisms detailed in [44, 47 and 51].

Higher pressures increase particle momentum, which improves coating-substrate anchoring by
promoting deeper particle penetration into the polymer surface [48]. Concurrently, higher temperatures
increase the local ductility of both particles and the polymer matrix, enhancing the formation of
interfacial mechanical locks [30, 50]. However, excessively high temperature-pressure combinations led
to substrate erosion or delamination of the coating, as also observed in [7] and [50].

Effect of Feed Rate

As shown in Figure 45, the adhesion strength of the aluminum coatings varied with powder feed rate
under constant conditions (15 bar, 400°C). A clear peak is observed at moderate feed rates (4.15 g/min),
where the strongest adhesion was recorded. This outcome aligns with literature findings, which
emphasize that moderate feed rates allow sufficient particle momentum for effective mechanical
interlocking, while maintaining a stable deposition profile [58].

At higher feed rates, inter-particle collisions and nozzle flow disruption reduce particle velocity,
weakening the substrate anchoring and causing a drop in adhesion strength [63]. These findings are
consistent with earlier studies reporting that excessive feed rates decrease coating integrity due to poor
deformation and increased porosity at the interface [52].

The data supports existing models of cold spray deposition behavior, confirming that feed rate must be
carefully optimized to achieve maximum adhesion strength particularly when working with low-modulus
substrates like CFRP-PC, where bonding relies exclusively on mechanical interlocking [16, 58].
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Chapter 5: Conclusion

This thesis has explored the potential of High-Pressure Cold Spray (HPCS) technology for metallizing
carbon fiber-reinforced polycarbonate (CFRP-PC) substrates using pure aluminum powder. The aim was
to evaluate the feasibility of forming functional metallic coatings without interlayers, with a focus on
mechanical anchoring, surface performance, and coating-substrate interactions.

Through systematic experimentation across 44 distinct parameter sets, the study demonstrated that
aluminum coatings can be successfully deposited on CFRP-PC substrates by optimizing key cold spray
parameters namely gas temperature, gas pressure, traverse speed, and powder feed rate. The coatings
achieved under optimal conditions displayed improved electrical conductivity and adhesion strength, all
without causing substantial thermal damage or substrate delamination.

One of the significant achievements of this work was the successful formation of a relatively thick,
continuous aluminum layer directly on a thermoplastic matrix, despite the absence of metallurgical
bonding. The results highlighted the predominance of mechanical interlocking as the principal bonding
mechanism, facilitated by both particle impact velocity and substrate surface topography. Notably, grit
blasting was shown to introduce issues such as embedded grit particles.

Higher gas temperatures (up to 400°C) and moderate pressures (15-20 bar) were most favorable for
enhancing both hardness and conductivity, aligning with the theoretical understanding of particle-
substrate deformation dynamics. However, excessive thermal or kinetic energy resulted in substrate
erosion or coating delamination, underscoring the need for a balanced process window.

The adhesion strength of the coatings, though limited by the inherent polymer-metal interface
characteristics, reached values up to ~¥6 MPa under optimized conditions—comparable with or exceeding
results reported in similar studies. The use of a moderate feed rate and carefully selected gas parameters
proved especially critical in achieving reliable bonding.

Overall, the experimental findings confirm that cold spray is a viable and promising route for
functionalizing CFRP composites, offering the potential to create lightweight, conductive, and wear-
resistant surfaces suitable for advanced structural and electronic applications. Importantly, the work
underscores the necessity of tailoring both substrate preparation and spray parameters to match the
thermal and mechanical behavior of polymer-based composites.

In conclusion, this thesis contributes a meaningful step toward the industrial implementation of cold-
sprayed metal-polymer systems, particularly in the aerospace, automotive, and electronics sectors.
Future developments could explore hybrid strategies involving interlayers, textured substrates, or post-
processing treatments to overcome current adhesion limitations and expand the functionality of such
metallized composites.
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Future Work

While the results are promising, this study also uncovered several opportunities for further research.
First, a more detailed mechanical assessment, including adhesion strength (e.g., pull-off or scratch tests)
and fatigue resistance, would help quantify the performance of the coatings under service conditions. In
addition, thermal cycling tests could be used to evaluate the long-term stability of the metal-polymer
interface, particularly for applications exposed to varying temperature regimes.

Another area for future investigation is the optimization of the cold spray parameters specifically
pressure, temperature and feed rate to maximize deposition efficiency while minimizing substrate
damage. Computational modeling could complement experimental work in this regard, providing
insights into the stress and temperature fields during deposition.

Moreover, expanding the range of matrix materials (e.g., PEEK, PPS) and reinforcement types (e.g., short
fibers, woven fabrics) could help generalize the findings and guide the development of application-
specific surface engineering solutions. Functional enhancements such as corrosion resistance, electrical
conductivity, or EMI shielding could also be explored through the co-deposition of multiple metal
powders or post-treatment processes like laser remelting or sealing.

Using metals other than Tin as interlayer (Zinc for example) can be a method to manage adhesion
challenge during cold spray.

Another attractive study in this field could be research on the effect of engraved patterns (strips,
chevron, windowpane, sinusoidal etc.) on substrate in improving mechanical interlocking.
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Appendix 1

Table 14. Cold sprayed samples 1-24.

Sample No.4 Sample No.5 Sample No.6

-
%

Sample No.7 Sample No.8

Sample No.10 Sample No.11 Sample No.12
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Table 15. Cold sprayed samples 25-43.

Sample No.25 Sample No.26

Sample No.27 Sample No.29

Sample No.30 Sample No.31
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Sample No.32 Sample No.33

Sample No.36 Sample No.37

122



Sample No.38

Sample No.39
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Sample No.41
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