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Abstract 

The potential of CSAM has attracted the attention from the scientific 

community due to its advantages over other heat-focused AM methods, such as 

solid-state deposition, high deposition rates, ability to deposit temperature-

sensitive materials, and reduction of tensile residual stresses, among others. 

Therefore, the efforts of the researchers in the CSAM field are focused on 

developing this technology beyond its inherent challenges. To do so, state-of-the-

art deposition strategies are currently being investigated. These new deposition 

strategies include optimizing the robotic path trajectories or employing masks to 

overcome constraints to manufacture objects with a more complex shape; 

introducing advanced strategies during spraying or process modifications, such 

as substrate preheating; and implementing post-process methods such as heat 

treatments or machining that help to enhance microstructure densification and 

surface finish, respectively.  

This thesis focuses on the development of CSAM as a metal AM 

technology by understanding the CSAM process variables and deposition 

strategies for its further development and application as an additive 

manufacturing technology. 

Two robot path trajectories, a traditional (T) toolpath, and a novel strategy 

called Metal Knitting (MK), were used for the reconstruction of CSAM parts from 

various metallic materials: Cu, Al, Ti, and Ti6Al4V. The final geometry, 

microstructure, and mechanical properties of the obtained parts were assessed 

and compared. It was found that the novel MK robot path trajectory enabled a 

precise control over the geometry of the reconstructed parts. However, the 

deposition angle reduced the plastic deformation of the particles, increasing 

porosity within the microstructure and hindering adhesion with the substrate. To 

address this, the effects of annealing on the components’ microstructure and its 

influence on adhesion, resistance to erosion, and abrasive wear were also 

evaluated. In this sense annealing was found to be an effective deposition 

strategy for reducing porosity, and improving cohesion between particles and 

adhesion with the substrate. It was concluded that spraying with the MK toolpath, 

followed by annealing, enabled the reconstruction of Cu and Al parts with 
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mechanical properties comparable to other bulk production methods. 

Nevertheless, alternative deposition strategies are needed for the CSAM 

reconstruction of dense parts from less ductile materials such as Ti and Ti6Al4V. 

Moreover, the effects of substrate preheating on high-strength materials 

with low particle plasticity was investigated. Since the interest in repairing IN718 

damaged parts with CSAM has increased in the last years, the effect of IN718 

substrate preheating on the CSAM IN718 deposit microstructure and thickness, 

as well as the adhesion mechanisms and strength at room and preheating 

temperatures of 250 C and 400 ºC was evaluated. The results showed that the 

substrate preheating improved the bonding strength, adhesion, and cohesion of 

CS IN718 deposits by softening the substrate, which improved the materials’ 

plasticity during deposition. It was concluded that increasing the preheating 

temperature and the deposit thickness improved the deposit density, reaching 

values comparable to an IN718 bulk reference, > 99.9%. 

Finally, the fabrication of 3D patterned parts with a desired pattern based 

on a bottom-up approach using a masked CSAM deposition strategy was 

investigated for fabricating new Ti bipolar plates (BPPs) for Proton Exchange 

Membrane (PEM) electrolyzers. The dimensional and microstructural 

characteristics of pin fins fabricated with spherical and irregular Ti powders were 

assessed. The results demonstrated that the masked CSAM technology allowed 

precise control and customization of the dimensions of the 3D-printed pin fins. 

Additionally, the performance of both Ti parts for its application in PEM 

electrolyzers was evaluated in terms of corrosion resistance and interfacial 

contact resistance (ICR). The results suggest than the masked CSAM technology 

shows great potential for the fabrication of Ti BPPs. 
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Thesis structure 

This thesis has been structured in several chapters, summarized as follows: 

Chapter 1 introduces the background of the CSAM technology by describing an 

overview of the additive manufacturing technology and briefly introduces the 

general basics of the CS process. In addition, it compiles state-of-the art research 

related to the CSAM technology, where the fundamentals are described in depth 

and the existing gaps in the field are identified and discussed. 

Chapter 2 outlines the scope of work and objectives for this thesis, which are 

established based on the knowledge gaps and challenges identified in Chapter 1. 

Chapter 3 describes the materials and methods used in this thesis. It lists the 

feedstock materials and the CSAM process parameters utilized in this research. 

Additionally, it details the implemented CSAM deposition strategies, including 

robot path trajectories, heat treatments, substrate preheating and masking 

process. Finally, the chapter describes in detail the methodology used throughout 

this thesis and explains the fundamentals of the experimental procedures for the 

CSAM parts characterization. 

Chapters 4 to 6 are dedicated to the presentation and discussion of the 

experimental results obtained. Each chapter includes an introduction and an 

experimental section to ensure they can be read independently. 

Chapter 4 investigates two robot path trajectories for the reconstruction of CSAM 

parts from various metallic materials. The final geometry, microstructure, and 

mechanical properties of the obtained parts were assessed and compared. 

Additionally, the effects of heat treatment annealing on the components’ 

microstructure and its influence on adhesion, resistance to erosion, and abrasive 

wear were also evaluated. 

The results from this chapter have led to the following publication: 

 A. Garfias, R. Vaz, V. Albaladejo, J. Sánchez, I. García-Cano. Geometry and 

microstructure control of remanufactured metallic parts by Cold Spray Additive 

Manufacturing. Materials. 2023, 16(13), 4735. 

https://doi.org/10.3390/ma16134735. SJR (2023): 0.56. Impact Factor 3.1 – Q2 
(2023) 
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Chapter 5 investigates the effect of substrate preheating on the deposition of 

high strength materials, such as IN718. The deposits’ microstructure and 

thickness, as well as the adhesion mechanisms and strength at room and 

preheating temperatures of 250 and 400 ºC were evaluated. 

This study was conducted as part of a doctoral stay at the Fraunhofer IGCV 

research institute in Augsburg, Germany, from July 20th, 2023, to October 20th, 

2023. This enables this thesis to qualify for an International Doctorate mention. 

The results from this chapter have led to the following publication: 

 A. Garfias, P. Kindermann, M. Wunderer, R.F. Vaz, V. Albaladejo-Fuentes, J. 

Sánchez, I. Ünsal, G. Schlick, I.G. Cano. Repairing alloy 718 parts by cold spray 

additive manufacturing: the effect of substrate preheating on the deposit 

properties. Journal of Manufacturing Processes. *Submitted on Sep 2024. SJR 
(2023): 1.39. Impact Factor 6.2 – Q1 

Chapter 6 evaluates the fabrication of Ti patterned parts using a masked CSAM 

deposition strategy for their application as bipolar plates (BPPs) for Proton 

Exchange Membrane (PEM) electrolyzers. The dimensional and microstructural 

characteristics of pin fins were assessed. Additionally, the performance of both 

Ti parts for its application in PEM electrolyzers was evaluated in terms of 

corrosion resistance and interfacial contact resistance (ICR).  

The results from this chapter have led to the following publication: 

 A. Garfias, M. Sarret, J. Sánchez, I. García-Cano, V. Albaladejo, Andreu, T. 

(2023). Manufacturing and properties characterization of Ti patterned coatings 

for water electrolyzers by CSAM. Applied Surface Science Advances. *In 
revision on Sep 2024. SJR (2023): 1.16. Impact Factor 7.5 – Q1 

Chapter 7 summarizes the results obtained throughout this thesis and discusses 

the contributions of Chapters 4-6 in addressing the challenges previously 

identified in Chapter 2. 

Chapter 8 enlists the general conclusions derived in the studies presented this 

thesis.  

In the Appendix, the scientific contributions of the PhD candidate are listed, 

including published articles, doctoral stays and works presented in congresses. 



 
 

 

 

 

 

 

 

 

Chapter 1: Introduction 
 

This chapter introduces the background of the CSAM technology by providing a 

general introduction that describes the overview of the additive manufacturing 

technology and briefly introduces the general basics of the CS process. In 

addition, it compiles state-of-the art research related to the CSAM technology, 

where the fundamentals of this technology are described in depth and the existing 

gaps in the field are identified and discussed.
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Chapter 1: Introduction 

1.1 General introduction 

1.1.1 Additive Manufacturing 

Additive manufacturing (AM) or 3D printing is the process of building an 

object layer-by-layer based on a digital design. AM allows to manufacture 

complex-shaped objects from a bottom-up approach in a continuous process, 

contrary to traditional top-down methods where the final object is obtained by 

cutting a block of material. In this process of building components, the 3D printed 

object is first digitally designed using a computer aided design (CAD) system. 

The digital model of the object is layered and interpreted by the AM machine that 

deposits material one layer at a time. Each layer of added material corresponds 

to a thin cross-section of the final printed object, allowing to produce components 

with complex geometries that would be impossible to obtain with conventional 

machining processes [1,2]. 

In the 1980s, AM was developed as a rapid prototyping technology, which 

was based on quickly creating prototypes or models that eventually would end up 

as products. In later years, as the technology was further developed, the printing 

of final functional parts with AM became a more reliable method. Nowadays, a 

wide range of materials, including metals or polymers, can be processed with the 

different AM technologies to obtain reliable dense parts for various industries. 

Therefore, the AM technology has undergone extensive investigation, resulting 

in a fast-paced development of this manufacturing process [1].  

In general, its main advantages include the reduction of manufacturing 

costs, production time and material waste, in addition to a precise control of the 

final object’s shape [3,4]. Moreover, it enables the metal 3D printing of near-net-

shape parts, making it a valuable technology with many applications in various 

sectors; allowing to print tool components and finished parts for the aerospace, 

marine and automotive industries, medical implants for knees or hips, supplies 

for the military industry, cooling channels for electronic devices, and so on. 

The classification of AM technologies is based on factors such as material 

feedstock, energy source, layer formation process, and shape of the final product. 
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The ASTM ISO/ASTM52900 [5] categorizes the AM technologies into eight 

categories: Binder Jetting (BJ), Directed Energy Deposition (DED), Material 

Extrusion (ME), Material Jetting (MJ), Powder Bed Fusion (PBF), Sheet 

Lamination (SL), VAT Photopolymerization, and Solid-State AM. These AM 

technologies included in the ASTM ISO/ASTM52900 are summarized in 

Table 1.1. 

Table 1.1. Main characteristics of the AM technologies according to 
ASTM-ISO/ASTM52900. 

AM group 
Main characteristics according to 
ASTM-ISO/ASTM52900 

Binder Jetting 
A liquid bonding agent acts as an adhesive between 

powder layers to create an object. 

Directed Energy Deposition 
A focused energy (laser, electron beam or plasma arc) is 

used to melt a material deposited by a nozzle. 

Material Extrusion 
A continuous filament of material is selectively deposited 

through a nozzle. 

Material Jetting Droplets of liquid resin are selectively fused by a printhead. 

Powder Bed Fusion 
A focused heat source selectively melts areas of a powder 

bed. 

Sheet Lamination Sheets of material are adhered to create a component. 

VAT Photopolymerization A photopolymer liquid resin is cures with light waves. 

Solid-State 
Powder feedstock is deposited into a substrate at high 

kinetic energies to build up a deposit. 

 

Each type of AM technology offers specific benefits according to its 

intended applications (such as repair or reconstruction), size of the part 

fabrication, and material characteristics. From all these AM categories, only a few 

can fabricate metallic parts that meet the requirements necessary for industrial 

applications; Figure 1.1 shows schematically the classification of the metal AM 

processes [6]. 
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Figure 1.1. Metal AM technologies classification.

The most widely used AM techniques for the 3D printing of metals are the 

Powder Bed Fusion (PBF) and the Directed Energy Deposition (DED) processes.

PBF technologies stand as the most established methods in the metal AM 

industry. In this process, a layer of powder is distributed across the surface of a 

designated work area. Subsequently, the powder undergoes melting or sintering 

through the application of a focused heat source, such as a laser beam or 

electron beam, that selectively scans the predetermined area and melts the 

powder. The repetition of this process leads to the fabrication of an object with 

the desired shape, where each layer aligns with a cross-section of the 3D object.

Moreover, in DED technologies, the feedstock, which can be in the form of 

wire or powder, flows through a nozzle following programmed 3D path. The 

material is melted by a focused heat source that directly bonds metallurgically 

with the substrate. The molten powder subsequently solidifies to constitute a 

cross-sectional layer of the intended object; this process is iterated until several 

deposited layers build the desired 3D component [4,7]. 

Up to date, some of the most relevant techniques for the 3D printing of 

metals are Selective Laser Melting (SLM), Laser Metal Deposition (LMD) and 

Electron Beam Melting (EBM). Each one of these technologies offers distinct 

advantages used in particular applications, for example, SLM specializes in the 

fabrication of metallic objects with high precision, usually for aerospace and 
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medical applications. In contrast, LMD, excels at repairing applications or to 

fabricate near-net-shape components. EBM operates in high vacuum 

environments, and finds its advantages in producing components with high 

superior material performance.  

Thus, AM is a technology that has revolutionized the manufacturing 

industry with distinguishable advantages that include a sustainable fast 

production of complex shaped parts with high quality and consistency, at a more 

economic price than other methods. However, there are still some limitations with 

the metal 3D printing techniques that are based on a focused heat source. AM 

based on thermal methods can produce defects within the microstructure of the 

part that are not beneficial for its final application, such as undesired phase 

changes, oxidation, and formation of residual stresses. Therefore, from a 

materials engineering perspective, there is a need for the further investigation 

and development of different AM technologies that address these drawbacks [4].  

1.1.2 Cold Spray Overview  

Thermal Spraying (TS) is a group of technologies known for the production 

of metallic and non-metallic coatings, in which, in general terms, the material 

feedstock (powder or wire) is heated by a hot mixture of gases and accelerated 

towards a substrate. The combination of high particle temperature (in molten or 

semi-molten state) and the high velocity to which the particles are accelerated 

promotes the formation of splats on the surface of the substrate at the point of 

impact, where the particles remain adhered and produce a dense coating. TS 

comprises several coating formation processes that are classified according to 

the energy source supplied to the equipment, driven by electric discharge, 

combustion of gases or kinetic energy, such as plasma and arc spraying, flame 

spraying and HVOF/HVAF, and cold gas spraying, respectively. Figure 1.2 shows 

the process temperature and velocity range for the different thermal spray 

technologies.  
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Figure 1.2. Gas temperatures and velocities of different thermal spray techniques.

Particularly, Cold Spray (CS) is a solid-state process that consists in 

accelerating a powder feedstock inside a gun with a preheated, compressed, 

supersonic gas (generally N2 or He) to high velocities (300 – 1200 m/s) through 

a convergent-divergent (de Laval) nozzle. When the accelerated powder is 

sprayed towards a substrate with enough kinetic energy, plastic deformation 

occurs at the point of impact, promoting the formation of a well-bonded coating 

or part layer by layer. Although the CS process does not reach enough 

temperature to melt the particles, it is still considered part of the thermal spray 

methods. 

In recent years, the capabilities of CS as an AM technology have aroused 

the attention from the scientific community due to its advantages over other AM 

methods, such as high deposition rates, ability to deposit temperature-sensitive 

materials, and reduction of tensile residual stresses. Since CS is a solid-state 

process, it can overcome the limitations of the thermal metal AM technologies 

(SLM, LMD, and EBM). However, it also presents some challenges to be studied; 

including an unprecise control over the geometrical shape of the deposits, inferior 

mechanical properties in comparison with bulk materials, delamination between 

deposit-substrate caused by excessive residual stresses, and difficult deposition 

of hard materials, among others [8,9].

To address these challenges, critical deposition strategies need to be 

further investigated to reach the full potential of the CSAM technology [10]. These 

new deposition strategies can include improvements in the current deposition 
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process, implementing post-process methods to tailor the characteristics of the 

final objects, or investing in supplementary equipment to upgrade the CSAM 

process. Some examples of deposition strategies include optimizing the robotic 

path trajectories or employing masks to overcome constraints to manufacture 

objects with a more complex shape; introducing advanced strategies during 

spraying or process modifications, such as substrate preheating or in-situ shot 

peening to tailor the deposits characteristics; incorporating the laser-assisted cold 

spray (LACS) equipment to broaden the CSAM processing capability; and 

implementing post-process methods such as heat treatments or machining that 

help to enhance microstructure densification and surface finish, respectively. 

1.2 Fundamentals of Cold Spray 

The cold spray (CS) process was developed in the mid-1980s in the Soviet 

Union by the scientist Anatolii Papyrin, who was studying the two-phase flow of 

gas and solid particles in a wind tunnel. He found out that when in-flight particles 

impacted a substrate with velocities higher than a critical value (intrinsic to each 

material), they would remain adhered and stacked together. This discovery set 

the basis of CS, a new technology for the production of a broad range of material 

coatings, including pure metals, metal alloys, composite materials, and so on, 

that could be successfully deposited into different substrates. The CS technology 

relies on gas dynamics to accelerate and spray solid particles at high velocities 

towards a substrate. Upon impact, the particles deform and bond together, 

building up layers of material. This technology quickly showed a high potential in 

several engineering applications as a solid-state manufacturing process, since its 

most notable characteristic is its relatively low process temperature. CS 

expanded the family of thermal spray technologies with distinct benefits such as 

preservation of materials properties, low oxidation and degradation during the 

manufacturing process, high deposition rates, versatility in material deposition, 

and production of well bonded thick coatings [11]. 

In CS, a gas (either compressed air, nitrogen, helium or a mixture) is 

introduced inside a gun and accelerated to supersonic velocities (between 300 – 

1200 m/s) with a convergent-divergent de Laval nozzle. Depending on the CS 

equipment, this gas can be introduced at room temperature or preheated to 

temperatures up to 1100ºC. At the same time, feedstock powder is injected into 
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the gun and it is propelled towards the substrate by the supersonic jet of 

compressed gas. As the gas flows through the divergent part of the nozzle it 

expands and rapidly cools down. Thus, the residence time of the particles that 

are in contact with the hot gas is brief. Accordingly, they achieve high velocities 

and still remain in solid state throughout the process, promoting the formation of 

good-quality, dense coatings [12,13]. 

In general, CS can be classified in two main categories based on the gas 

pressure applied to the propellant gas: low-pressure cold spray (LPCS) and high-

pressure cold spray (HPCS). Figure 1.3 shows the schematic of the cold spray 

processes, while Table 1.2 describes and compares their operating conditions. 

Figure 1.3. Schematic of cold spray processes: (top) low-pressure cold spray (LPCS), 
(bottom) high-pressure cold spray (HPCS).

In LPCS the operating pressure varies in a range between 5-10 bar, while 

the gas temperature can be set from room temperature to 650ºC. Usually, 

compressed air is used as the accelerating gas, however nitrogen can also be 

used. The particles are injected downstream by a pressure difference (siphon 

effect) into the divergent part of the nozzle and then accelerated by the expanded 

gas to velocities of 300-600 m/s. LPCS is generally used as a portable CS system 

for on-site repair applications or short run productions of materials with low 

melting point and yield strength, such as aluminum bronze, babbitt alloys, 

magnesium alloys, zinc, etc. [11,12].
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Table 1.2. Comparison between LPCS and HPCS process parameters. 

Process parameters LPCS HPCS 

Pressure (bar) 5-10 30 - 60 

Temperature (ºC) < 650 200 - 1100 

Feedstock injection Downstream (siphon effect) Upstream (carrier gas) 

Working gas Compressed air, nitrogen Nitrogen, helium 

Materials 
Low melting point and low 

yield strength 

High melting point and high yield 

strength 

Applications 
On-site repair, biomedical 

coatings 

Wear and corrosion resistant 

coatings, repair, additive 

manufacturing 

 

Moreover, the HPCS can be operated at a pressure range of 30-60 bar, 

with preheating gas temperatures of 200-1100ºC (up to date). Regularly, 

nitrogen, helium or a mixture of both are used as the working gas. In this process, 

the feedstock is injected into the equipment with a carrier gas and mixed in the 

main chamber with the preheated gases before flowing through the nozzle; with 

this upstream type of injection, the pressure of the powder feeder has to be 

slightly higher than the one of the working gas to prevent the powder from flowing 

back. Moreover, the acceleration of the particles is limited by the maximum gas 

velocity, which depends on the operating process parameters, the nozzle design, 

and the feedstock characteristics [11]. This is why it is crucial to understand the 

process parameters and their relationship to the particles’ impact velocity, as this 

will ultimately determine the formation of a dense coating.  

In this sense, the HPCS process can achieve higher particle velocities can 

compared to LPCS, thereby increasing the range of materials that can be 

sprayed, including metals, alloys, composites, polymers, etc.  

1.2.1 CS nozzle design 

An essential component in CS systems is the convergent-divergent De 

Laval nozzle, as it is responsible for accelerating both the carrier gas and the 

particles to supersonic velocities. The nozzle itself is composed of three main 

sections: the convergent section, the divergent or barrel section, and the throat, 
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which represents the narrowest cross-sectional area where the geometry 

transitions from convergent to divergent. Figure 1.4 shows the schematic of 

typical nozzle geometries used in CS.

Figure 1.4. Typical nozzle geometries in CS equipment: a) convergent-barrel, b) 
convergent-divergent, and c) convergent-divergent-barrel.

To fully understand the theory behind the CS deposition mechanisms, it is 

important to first understand the fundamentals of the particles’ acceleration, 

which are explained with the dynamic principles of the working gas [13]. A 

preheated gas at high pressure is fed through the convergent section of the 

nozzle, in which, according to the fluid dynamic principles, changes in cross-

sectional area can accelerate or decelerate the gas flow. Hence, the gas is 

accelerated as it progresses towards the throat, which is specifically designed to 

induce choking and achieve a flow rate corresponding to a Mach number of 1 

(sonic condition) [14]. As the gas keeps flowing through the divergent section, the 

cross-sectional area is gradually increased, causing the gas to expand. 

Consequently, the gas pressure and temperature are rapidly decreased, ensuring 

particle acceleration without melting. These particles, propelled by the gas, gain 

sufficient kinetic energy to impact the substrate at high velocities in the solid state. 

In this sense, the nozzle geometric design is critical to apply the principles 

of gas dynamics to accelerate the gas-particles mixture; being one key parameter 

the expansion ratio, defined as the ratio between the exit and throat area of the 

nozzle. Smaller expansion ratios cause the gas to behave with an under-

expansive behavior (pressure of the gas at the exit is greater than ambient 
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pressure), while high expansive ratios can cause an over-expansive behavior 

(exit pressure of the gas is lower than the ambient pressure) [15]. Under-

expansion causes the gas to expand outside the nozzle, which hinders thrust; 

while over-expansion causes the gas-particles mixture to flow back inward and 

separate from the walls of the nozzle. Thus, the optimal operation is either an in-

between of these two regimes, referred as perfect expansion, or a slight over-

expansion [16]. In addition to the expansion ratio, the nozzle length also impacts 

the flow of the mixture, as the wall friction decelerates the flowrate [17]. 

Since many factors during the cold spray process influence the particle 

velocity (e.g. operation conditions, nozzle design, feedstock characteristics, etc.), 

previous studies focused on the effect of nozzle design in particle acceleration 

can be found in the literature [16–20]. These works implement computational fluid 

dynamics and numerical simulations as a reliable method to investigate the 

relationship between these factors. For instance, Li et al. [18] investigated the 

impact of nozzle design on particle acceleration and its influence on the 

microstructure of stainless steel (SS) 316L coatings. The authors conducted 

numerical simulations to optimize the expansion ratio of the nozzle for particle 

acceleration. The findings revealed that the optimal expansion ratio increases 

with increased gas pressure and nozzle divergent length, while it decreases with 

the increase in gas temperature, particle size, and nozzle throat diameter. 

Moreover, Tabbara et al. [20] studied the effects of the cross-sectional shape of 

the nozzle on the gas flow characteristics and particle velocity with CFD 

simulations. They found that circular or squared nozzle cross-sections promoted 

the highest particle velocities.  

Considering all of these factors, the selection of the nozzle is imperative in 

the CS process and should be optimized based on the characteristics of the 

feedstock material.  

1.2.2 Cold spray deposition & adhesion mechanisms 

In CS, the residence time of the particles inside the hot chamber of the gun is 

very short, followed by a rapid expansion and cooling of the gas. As a 

consequence, the particle temperature consistently remains lower than the initial 

preheating gas temperature, making it possible to process the powder particles 
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in the solid state during the whole deposition process. This characteristic allows 

to spray heat sensitive materials, minimizing thermally induced defects such as 

oxidation or undesired phases in the final coating. The ability to process different 

materials in the solid-state, rather than melting and subsequent solidification, 

represents a fundamental feature of CS. Therefore, it has attracted great interest 

due to its potential applications within the industries of advanced coatings, repair, 

additive manufacturing, and so on [21]. 

This solid-state processing of CS is based on the deformation mechanisms of 

powder particles. Primarily, the deformation of the particles in CS is attributed to 

their kinetic energy upon impact; up to 90% of the kinetic energy can be converted 

into heat, according to Vlcek et al. [22] FEM dynamic simulation experiments for 

a 316L powder. Secondly, the deformation of particles is determined by the 

intrinsic characteristics of the different metals and alloys. Depending on the 

material, different degrees of deformation can be reached in function of their 

dislocations’ mobility and interactions within their structure. Therefore, 

characteristics such as crystal structure, grain size, and composition determine 

the deformation kinetics of the particles. Considering these factors, the ability to 

deposit by cold spray different metals can be categorized, for instance, based on 

their crystal structures [22–24].  

 Face centered cubic (FCC): Metals with an FCC crystal structure tend to 

have a high deformability due to its largest number of sliding planes, 

making them well-suited for the CS process. Examples of FCC metals 

include Al, Cu, Ag, Au, Ni, etc.  

 Close-packed hexagonal (CPH): In metals with a CPH structure, such as 

Ti, Cd, Zn, Co, Mg, etc., fewer sliding planes are present due to the 

arrangement of atoms. While still suitable for CS, processing these metals 

requires highly optimized conditions due to the reduced deformability 

compared to FCC metals. 

 Body centered cubic (BCC): The BCC crystal structure presents the 

lowest deformability; metals with this structure are not suited for CS. 

Examples of BCC metals include W, Ta, Mo, Nb, Cr, etc. 
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Thus, the deposition of the feedstock powder and the subsequent formation 

of the coating are highly dependable on the deformation mechanisms of the 

particles. At the point of impact, two distinct stages can be observed in the 

deformation process of the particles. In the first phase, pressure rapidly 

accumulates within the particles upon impact, inducing elastic deformation. This 

contact pressure increases so rapidly that the dynamic flow limit of the particles 

is surpassed, triggering a transition from the elastic to the plastic behavior. When 

there are sufficiently high impact velocities, the elastic mechanisms of the 

deformation may become negligible, and the second phase is initiated, 

predominated by plastic deformation in the particles’ structure. This severe plastic 

deformation results in localized warming due to the high strain rates, 

subsequently promoting bonding [23]. Consequently, the localized melting 

promotes the fracture of the particles’ oxide layer, thereby enhancing diffusion 

processes crucial for a successful adhesion between particles and substrate, and 

among particles [24]. 

In this sense, the impact particle velocity (or kinetic energy of the particle) 

represents the driving force that triggers plastic deformation, being a crucial factor 

in CS deposition. Particles that impact at low velocities bounce off and do not 

promote deposition, in some cases generating abrasion on the substrate. On the 

contrary, impact at excessive velocities can erode the surface of the substrate as 

a result of an excess of energy available for the deflection of the particles. 

Moreover, particles that impact the substrate at or above a so-called critical 

velocity (vcr) undergo plastic deformation and adhere to the substrate, thereby 

promoting the formation of a dense coating. Strong and hard to deform materials 

(e.g. Ti and its alloys, stainless steel, Ni and its alloys, etc.) usually require a 

higher vcr than soft and ductile materials (e.g. copper and aluminum), due to a 

lack of plastic deformation. Hence, a successful deposition of particles occurs 

when the spraying parameters have been optimized within a deposition window, 

in which the vcr has to be reached for the particles to undergo deformation, as 

shown in Figure 1.5 [25,26].  
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Figure 1.5. CS window deposition. Figure obtained from [26]. 

The vcr is specific to each feedstock powder, being highly dependent on 

factors such as material composition, particle size, morphology, as well as 

substrate characteristics. For instance, vcr values for different materials have 

been reported in the literature: 339 m/s for Zn, 451 m/s for Cu, 482 m/s for Al, 

655 m/s for stainless steel 316L, 712 m/s for Ti, and 1013 m/s for Ti6Al4V, among 

many others [27]. 

Since the velocity of the particles upon impact has such great influence in 

CS deposition, the factors that determine the impact velocity of the particles need 

to be understood and adjusted in order to surpass the vcr correspondent to each 

material. These process variables include the particle size distribution, substrate 

characteristics, and process temperature and pressure, among others [12]. The 

influence of these parameters on particles’ acceleration and their interconnection 

will be discussed in detail in subsequent sections.  

Moreover, another factor to take into consideration during the CS process 

is the deposition efficiency (DE), which is defined as the relation of deposited 

mass over the overall mass sprayed. In other words, the DE is a parameter that 

shows the proportion of sprayed particles that effectively adhere to the substrate 

surface and contribute to coating formation [28]. This parameter is really useful 

to determine the coating manufacturing efficiency and it is highly correlated to the 

particles’ velocity, as shown in Figure 1.6. In this regard, Meng et al. [29] 

investigated this behavior, where the evolution of the DE was shown to be linearly 

correlated with the plastic deformation of the particles for particles/substrate 

systems with similar deformability. Metals with face-centered cubic (FCC) crystal 
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structure, usually exhibit low vcr due to its high deformability and low mechanical 

strength, usually reaching high DE values. On the other hand, body-centered 

cubic (BCC) and close-packed hexagonal (CPH) metals are considerably harder 

to deform, consequently exhibiting high vcr values [30].  

 

Figure 1.6. Correlation between particle velocity and deposition efficiency. Figure 
obtained from [28]. 

With an understanding of the crystal structure of the spraying materials, 

the deformation mechanisms of the particles, and the importance of impact 

velocity and vcr, further phenomena of this solid-state process can be 

comprehended, such as the adhesion mechanisms, and, most importantly, the 

selection of CS process variables to obtain high quality deposits.  

In CS, the coating formation can be divided into two stages: in the first 

layer, particles impact with the substrate and bond at the particle-substrate 

interface. As the deposition progresses, subsequent particles impact into the 

previously deformed particles, establishing further bonding at the particle-particle 

interface. As already explained in the previous sections, CS is a solid-state 

technology where no melting and solidification processes are involved during the 

coating formation process. Therefore, the bonding strength is principally 

attributed to the high plastic deformation of the particles upon impact.  

Until today, the bonding mechanisms are under constant discussion 

among scholars, nonetheless, several studies have been conducted in an effort 

to elucidate this phenomenon [31–35]. The most well-established theory was 

presented in the work of Assadi et al. [31], in which adiabatic shear instability 

(ASI) was proposed as the main mechanism responsible for the bonding of the 

particles. This phenomenon occurs as a result of the high strain rate deformation 
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processes during impact, which disrupt the superficial oxide film of the particles 

and create a metal jet that establishes an intimate contact between the particles 

and the substrate, consequently forming a metallurgical bonding, as shown in 

Figure 1.7. In this sense, the vcr represents the minimum required energy to reach 

ASI. 

 

Figure 1.7. Simulation of particle deformation evolution during impact at a contact time 
of a) 4.4 ns, b) 13.2 ns, c) 22.0 ns, and d) 30.8 ns. Figure obtained from [35]. 

Moreover, the investigation conducted by Li et al. [34] further 

complemented this bonding mechanism theory by examining the interaction 

between aluminum particles and an aluminum substrate. It was found that by 

increasing the superficial oxide layer thickness, the plastic deformation was 

hindered and the metallurgical bonding became difficult. Although the ASI 

phenomenon is the most accepted bonding mechanism, these studies are only 

based on numerical simulations.  

Another bonding mechanism in CS was proposed by Hussain et al. [33] 

after observing the behavior of cold sprayed copper particles in an aluminum 

substrate, in which the copper particles became embedded within the substrate, 

creating a mechanical interlock between the substrate and the initial layer of 

particles. This interlocked layer acted as a well-adhered base for the particles in 

the subsequent layers.  
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Figure 1.8 shows examples of single-particle impact bonding mechanisms, 

where particles that have formed metallurgical bonds due to ASI (left) show signs 

of plastic deformation and metal jetting, and the particles that are mechanically 

interlocked (right) are observed to be embedded within the substrate. 

Figure 1.8. Bonding mechanisms in CS (left) metallurgical bonding (right) mechanical 
interlocking.

Overall, CS coating formation depends on numerous factors, that range 

from the characteristics of the feedstock material to the dynamics of particle 

acceleration and its subsequent interaction with the substrate. A comprehensive 

study of the bonding mechanisms between particles, along with an insight of the 

controllable spraying variables and their impact on particle acceleration, serves 

as a basis for further development of this technology. Moreover, understanding 

the role of the spraying parameters contributes to keep refining the CS deposition 

process and expand its applicability. 

1.3 Cold spray process variables

Many factors influence the impact velocity and the resulting plastic 

deformation of the particles; hence the understanding of the process variables 

that accelerate the particles is essential in the CS process. The parameters that 

define a successful deposition can be divided into four categories: (1) Feedstock 

powder characteristics, including size distribution, morphology, and oxide layer; 

(2) Operating process parameters, such as gas type, temperature, pressure, and 

substrate characteristics; (3) Robotic parameters, including spraying standoff 

distance and incidence angle; and (4) Substrate characteristics, such as surface 

characteristics and material nature [18]. 
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1.3.1 Feedstock powder 

The effect of the particle/gas flow interaction is of great interest for 

researchers in the field of CS, as the composition, morphology, and particles size 

distribution of the feedstock powder have a central role on the overall process 

efficiency. Therefore, the selection of the feedstock powder needs to be carefully 

considered.  

For CS feedstock powders, gas or water atomization powder metallurgy 

manufacturing methods are the most common. These processes are very popular 

for fabricating metal and alloy powders by involving the dispersion molten metal 

into droplets that are rapidly solidified in a fluid. In the gas atomization process, 

the source metal is melted and fed though a nozzle, which is then dispersed into 

droplets by a high-pressure jet of gas (argon or helium) and then finally collected 

at the base of the chamber. This method generally produces predominantly 

spherical particles with minimal levels of oxygen content. Monitoring the process 

parameters is essential for precise control over droplet size, i.e. particle size. 

However, one important drawback of this method is the generation of satellite 

particles that broaden the range of the size distribution of the final powder. On 

the other hand, the water atomization process is very similar to gas atomization, 

with the exception that it employs a water jet instead of gas, making it a more 

cost-effective process. However, this method generates irregular shaped 

particles with higher levels of oxygen content [36].  

Furthermore, parameters such as morphology and size distribution of the 

powder have a great influence on the impact velocity distribution of the particles 

and consequently on the quality of the final coating. It is consistently found in the 

literature that under the same process conditions, irregular particles reach higher 

particle velocities than their spherical counterparts [37–40]. This phenomenon is 

attributed to higher drag coefficients among irregular particles, facilitating their 

acceleration to higher velocities. However, due to fluid dynamics, irregular 

particles usually impinge the substrate using their smaller sides, inducing an 

asymmetrical impact that promotes particle rotation instead of deformation; this 

additional torque can hinder the DE despite having higher impact velocities [41]. 

Nonetheless, in terms of coating quality (dense, homogeneous, well-bonded, 

etc.), studies have shown that irregular powders can have properties very similar 
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or even better than spherical ones in some cases [39,40]. For instance, Vaz et 

al. [40] evaluated the properties of SS 316L CS coatings sprayed with different 

powders under the same conditions. It was concluded that there is no particular 

advantage on using a spherical powder over an irregular one. 

Moreover, the powder size distribution significantly determines impact 

velocity; smaller particles experience greater acceleration to higher velocities 

compared to larger particles, because of a higher susceptibility to the propelling 

gas due to a lower momentum [36]. However, for the same reason, smaller 

particles decrease abruptly their velocity at the exit of the nozzle. In contrast, 

larger particles do not undergo such rapid changes; their increased mass allows 

them to maintain a steadier velocity during the in-flight trajectory. In addition, 

smaller particles are more easily affected by temperature than larger particles 

because of their lower thermal momentum. Thus, smaller particles reach higher 

temperatures inside the gun, nevertheless, as the gas expands at the exit of the 

nozzle they cool rapidly and impact into the substrate at lower temperatures [42]. 

Therefore, an optimum size range of the particles must be selected to 

successfully optimize the CS process parameters. Figure 1.9 shows an optimum 

window of deposition with a schematic of the relation between impact and critical 

velocities in function of particle size.  

 

Figure 1.9. CS window deposition in terms of particle size. Solid line represents the 
particle velocity upon impact, and dashed line its corresponding critical velocity. Figure 

obtained from [43]. 

To obtain a successful deposition the selected powder size should be one 

that fits in the range when the impact velocity is greater than the vcr. Schmidt et 
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al. [43] proposed an approach, applicable to a variety of materials, that reduced 

the critical velocities of the particles by selecting powder sizes and particle impact 

temperatures. It was found that the vcr of the powder was decreased by optimizing 

its size distribution and by thermal softening when increasing the process gas 

temperature. 

1.3.2 Cold spray operating process parameters 

Even though CS deposits are free of thermally induced defects, including 

oxidation, undesired phases generation or thermally induced residual stresses, 

this processing technology has also some limitations. As an example, depending 

on the feedstock material, some imperfections may be present within the 

deposit’s microstructure, such as voids or inter-particle boundaries, that result 

from the packing of the particles.  

Despite the fact that all of these characteristics are attributed to the 

inherent imperfections of the deposit, they can also result from a lack of 

adjustment of the CS process parameters [8]. Therefore, the optimization of the 

controllable operating process variables (type of carrier gas, temperature, and 

pressure) is essential for the obtention of a dense, well-bonded deposit.  

The type of carrier gas greatly influences the particles velocity. Usually, 

nitrogen gas is preferred because of its low-cost and accessibility, however 

helium also can be used when higher particle velocities need to be achieved. The 

differences in particle acceleration depending on the type of gas can be 

understood with the equation for local gas velocity (Equation 1.1): 

Equation 1.1 

 

Where  is the ratio of heat capacities of the gas (specifically, the ratio of 

constant pressure Cp to constant volume Cv). This ratio is typically accepted as 

1.66 for He and 1.4 for N2. R is the gas constant, T stands for gas temperature, 

and Mw for the molecular weight of the gas. Given that He has a higher ratio of 

heat capacities, and a lower molecular weight, the final velocity results greater 

when compared to N2 [21]. Nevertheless, He is much more expensive than N2, 
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therefore it is only used with materials that are difficult to spray, such as Ti and 

its alloys, Ni alloys, and metal-matrix ceramics. The effect of the type of gas on 

the quality coating has been well investigated [42,44,45]. For instance, Wong et 

al. [44] studied the influence of helium or nitrogen as propellant gases on CS 

titanium coatings. It was found that, with optimized parameters, helium allowed 

to produce thick and fully dense titanium coatings, whereas the coatings sprayed 

with nitrogen showed a slightly porous microstructure. However, the authors 

concluded that the coating quality was primarily influenced by the impacting 

particle temperature rather than gas type.  

As described by Equation 1.1, Increasing the process gas temperature 

leads to an increase in gas velocity inside the nozzle. Additionally, particles that 

impact the substrate with higher temperatures have a decreased critical velocity 

due to thermal softening. This behavior was investigated by Lee et al. [46] through 

numerical simulations, and their findings suggest that an elevated gas 

temperature not only diminished the particles critical velocity, but also increased 

the deposition efficiency of the coating. This was also experimentally explored by 

Meng et al. [47], who demonstrated that an increase in gas temperature results 

in denser 304 stainless steel coatings, with a porosity decrease from 6% to 2%. 

Furthermore, Binder et al. [48] compared the adhesion and cohesion of CS Ti 

coatings deposited with different gas temperatures; it was found that the coatings 

produced with higher gas temperatures exhibited a superior bonding strength. 

Another significant parameter associated with the process conditions is the 

gas pressure; according to the gas dynamic principle, an increase in the pressure 

of the process gas results in an increased acceleration rate of the feedstock 

powder within the gun, leading to higher particle velocities, and promoting an 

improved bonding at the particles-substrate and particles-particles interfaces 

[49].  

1.3.3 Robotic parameters 

In addition to the operating process parameters, the robotic parameters 

are defined as the gun (nozzle) position and spraying velocity. These robotic 

parameters include the spraying standoff distance (SoD), the traversal velocity of 

the robot, and the angle of deposition.  
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The SoD is defined as the distance between the nozzle and the substrate. 

Pattinson et al. [50]  identified three standoff regions that significantly influence 

the deposition of particles: (1) Short SoD, in this region, a bow shock is formed 

at the impingement zone due to the flow perturbation caused by the interaction 

of the supersonic jet with the substrate [49,50]. The presence of the bow shock 

affects both the velocity and trajectory of the particles, leading to a decrease in 

deposition performance; (2) Optimized SoD region, where the bow shock 

disappears, and, the optimal particle impact velocity can be reached; and (3) 

Large SoD, where gas velocity starts to decrease, resulting in a negative drag 

force that decelerates the particles, decreasing the final properties of the deposit. 

Furthermore, the traversal velocity of the robot refers to the speed at which 

the robot moves along its spraying path trajectory. This velocity plays a critical 

role in determining the number of particles that impact the substrate during the 

spraying process, consequently influencing the build-up of the coating per layer. 

Lower traversal velocities allow for a greater number of particles to reach the 

substrate, resulting in a thicker coating layer per pass. Moreover, the traversal 

velocity also influences the shape of the deposit. When the scanning speed is 

low (or the number of passes is high), the deposits tend to grow with a pyramid-

shape profile. This is attributed to the velocity profile of the particles when they 

exit the nozzle; particles in the center of the jet spot acquire greater velocities 

than on the periphery, leading to a better deposition of particles in the center. 

Some studies in the literature show that the traverse scanning speed can 

significantly determine the microstructure and overall quality of the coating 

[51,52]. Particularly, Tan et al [51] investigated the influence of the traverse scan 

speed on the characteristics of Ti6Al4V coatings. Their findings revealed that 

spraying at a lower traversal velocity (100 mm/s) promoted a higher coating 

thickness per pass, and produced a denser coating (0.5% porosity) compared 

with higher traversal velocities (300 and 500 mm/s) that showed a lower coating 

thickness and higher porosity values (2.7 and 3.2%, respectively). However, the 

adhesion strength of the coatings sprayed with higher traversal velocities was 

considerably higher, which was attributed to the severe deformation of particles 

at the interface that promoted a metallurgical bonding.  
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Finally, the angle of deposition is crucial for the particle impact velocity. 

When spraying at a non-normal angle, the impact velocity is decomposed into a 

tangential component, based on the spray angle θ, and a normal component. 

This behavior is schematically shown in Figure 1.10, whereas the normal and 

tangential velocities are described by Equations 1.2 and 1.3, respectively. 

Equation 1.2

Equation 1.3

Where VP is the particle impact velocity, VN and Vt are the normal and 

tangent components, respectively, and θ is the spraying angle. When particles 

impact at 90º with respect to the substrate surface, the tangential component is 

equal to zero and the normal component equals the impact velocity. However, 

when the value of θ is decreased below 90º, the tangential component increases 

its value, thereby decreasing the overall impact velocity. 

Figure 1.10. Dependency of relative deposition efficiency on spray angle, and particle 
impact velocity components when spraying at an angle θ. Figure obtained from [53].

Based on this behavior, Li et al. [53] categorized the relationship between 

the spraying angle and the relative DE into three ranges (Figure 1.10). Firstly, the 

“maximum deposition angle range” (between 80º and 90º), representing the 

angles at which the impact velocity reaches its maximum value, resulting in a high 

relative DE. Secondly, the “transient angle range” (between 50º and 80º), where 

the normal component of the impact velocity decreases, and deposition only 

occurs when the VN at the angle θ exceeds the critical velocity of the particles. 
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Finally, the “no deposition angle range” (angles < 40º), where particle deposition 

is nearly impossible.  

It is worth indicating that although these three geometrical parameters 

have been discussed separately, they are highly correlated. In addition, their 

selection depends on several factors, including the nature of the material 

(whether it exhibits ductility or not), the characteristics of the feedstock (such as 

morphology and particle size distribution), and, most importantly, the intended 

application and desired final characteristics of the deposit. 

1.3.4 Substrate characteristics 

Substrate conditions, such as surface roughness and material nature, 

strongly influence the bonding behavior of the particles with the substrate, which 

is established within the first layers of deposition. Hence, the superficial 

characteristics of the substrate determine in great part the impact and adhesion 

behavior of the particles.  

In general, the surface of the substrate is often subjected to grit blasting, 

which involves propelling abrasive particles, such as Al2O3 particles, onto the 

substrate to roughen its surface, with the purposes of providing a greater area of 

interaction at the particles-substrate interface, and of removing the superficial 

oxide layer of the substrate to promote intimate contact between the particles and 

the substrate [54].  

The effect of the substrate roughness on bonding strength has been widely 

studied [49,55–59]. A grit blasted substrate has been shown to increase the 

adhesion strength of softer materials, such as aluminum [55] or copper [57]. This 

behavior is attributed to the larger contact area at the interface, which promotes 

mechanical interlocking and enhances adhesion strength. However, for harder 

materials, such as Ti6Al4V [56] or IN718 [59], a rough surface hinders the jet 

formation of the particles, resulting in poor bonding. Therefore, for these harder 

materials, a polished surface is preferred to allow for the particles to deform and 

experience adiabatic shear instability processes without restriction. Particularly, 

Sun et al. [59] investigated the deposition characteristics of IN718 powder on 

IN718 substrates. In this study it was found that spraying onto a polished 

substrate greatly increases the bonding between particles and substrate; the 
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authors reported an adhesion strength value of 23.7 MPa with adhesive failure 

(failure at the coating-substrate interface) for grit blasted samples, while a value 

of > 65 MPa with glue failure (meaning that the bonding strength of these 

specimens were at least 65 MPa) for polished samples.  

Furthermore, the characteristics of the materials involved in the CS 

process also play an important role in the particles’ deformation behavior, 

consequently influencing the bonding mechanism. Depending on the hardness 

difference between particles and substrate, four distinct cases can be identified: 

soft particle/soft substrate, soft/hard, hard/soft and hard/hard. In general, soft 

substrates absorb the kinetic energy from the impacting particles, leading to 

substrate deformation and the formation of craters, the depth of which depend on 

the hardness of the particles. On the other hand, when particles impact on hard 

substrates minimal deformation of the substrate occurs, resulting in significant 

deformation of the particles themselves.  

This phenomenon has been widely investigated experimentally and 

numerically [21,60,61]. Yin et al. [60] proposed a particle impact model to 

evaluate the particle deformation degree in relation to substrate hardness. Their 

findings revealed that the substrate hardness had some effects on the 

deformation of the particles. For instance, when using a SS substrate, the 

particles suffered intense deformation, whereas when using a softer Al substrate, 

the particles only experienced a minimal deformation. Additionally, their study 

indicated that the substrate’s influence was predominantly observed with the 

initial layers of the spraying process; as the layers increase, the deformation 

behavior of the particles becomes independent to the substrate hardness. 

 The CS process encompasses several factors that determine coating 

formation. The progression of this technology lies in the understanding of the 

interplay among these process variables and their collective influence on the 

resultant performance of the deposited material. Years of extensive research 

have made it possible to elucidate the complex interrelation between all these 

factors. This deep understanding has expanded the applicability of CS across 

several engineering areas, such as additive manufacturing (AM).  
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1.3 Cold Spray Additive Manufacturing 

As the field of metal AM continues to expand, new technologies emerge; 

in 2021 the ASTM ISO/ASTM52900 [5] included the Solid-State AM category into 

the AM technologies classification, featuring the CSAM technology. 

Historically, CS emerged as a coating technology intended for the repair 

and protection of damaged components typically with a thickness not greater than 

1 mm [30]. However, it has been proven, as the technology develops, that CS 

exhibits no theoretical constraint on the thickness deposition of metallic parts, 

which allows to extend its applicability as an AM technology, giving rise to what 

is termed as CSAM.  

The main difference between CSAM and CS lies only in the dimensions of 

the final deposits, allowing the 3D printed parts to benefit from the advantages of 

the CS technology. In particular, this development broadens the boundaries of 

the metal AM technology, as it enables the manufacturing of individual parts or 

reconstruction of damaged components in the solid-state at high deposition rates 

[36]. In a more detailed way, the CSAM process can offer numerous advantages 

compared to other AM technologies, such as SLM, DMD, and EBM [8,62]: 

 Solid-state technology: CSAM distinguishes itself as a solid-state 

technology, in which the material feedstock is processed below its melting 

point. This characteristic eliminates the risk of oxide-formation and phase 

changes. 

 Induction of compressive residual stresses: CSAM induces 

compressive residual stresses within the fabricated parts, which contribute 

to improving the overall mechanical performance of the components. 

 High deposition rates: CSAM allows for rapid layer-by-layer buildup of 

material, with high deposition rates of 300-400 cm3/h or, in some cases, 

up to 1500 cm3/h, resulting in shorter production lead times [62]. 

 Material versatility: CSAM offers the possibility to deposit metals 

sensitive to temperature, as well as the possibility to manufacture 

multi-material parts. In addition, the dimensions of the final part are not 

restricted by any process chamber, in contrast to other AM methods. 



33 
 

However, the main advantage of the heat-focused AM techniques over 

CSAM is the geometrical accuracy, which allows to manufacture complex-shaped 

metallic parts. To date, there are only a few studies that directly compare the 

properties of deposits manufactured by CSAM to other AM technologies. One 

example is the work of Bagherifard et al. [62], in which the mechanical properties 

of freestanding Inconel 718 (IN718) fabricated by CSAM and SLM were 

compared. The authors concluded that a notable advantage of CSAM was the 

preservation of the original microstructure. In addition, the specimens 

manufactured by both technologies showed comparable mechanical properties, 

highlighting the potential of CS as a consolidated AM technology. In this sense, 

each metal AM technology offers distinct advantages. Table 1.3 provides a 

summary and comparison of these principal advantages and applications of the 

most relevant metal AM technologies [1,4,9]. 

Table 1.3. Characteristics and main applications of the metal AM technologies. 

Feature CSAM SLM EBM LMD 

Deposition 

characteristics 

Direct deposition 

(Solid-State) 

Powder bed 

(Melting) 

Powder bed 

(Melting) 

Direct 

deposition 

(Melting) 

Feedstock 

limitations 

Limitation 

depositing high 

strength 

materials with 

low ductility 

Limitation 

depositing metals 

with high 

reflectivity and 

poor conductivity 

Limitation 

depositing 

metals with low 

melting 

temperature 

Limitation 

depositing 

metals with 

high reflectivity 

Geometrical 

precision 
Low High High Medium 

Mechanical 

properties 
Low High High High 

Production 

time 
Short Long Long Long 

Main 

applications 

Repair, coatings, 

aerospace 

components 

Aerospace, 

medical, and 

automotive 

components 

Aerospace and 

medical 

components, 

customized parts 

Repair, 

prototyping, 

medical 

components 
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The previously mentioned advantages of CS as AM technology have 

centered the attention of the scholars in further developing this technique, as 

studies can be found in the literature that address the fundamentals of this 

technology, its potential as an AM method, and state-of-the-art applications, 

among others [8,9,36,63,64]. Vaz et al. [64] conducted a comprehensive review 

on the advancements of CSAM over the past decade included in articles, books, 

standards, and patents, which include relevant findings that contribute to the 

development of CSAM, such as the deposition of new materials, exploration of 

new applications, and use of post-treatments steps. Their work not only highlights 

the current trends and state of the art in CSAM but also addresses the challenges 

that still need to be overcome. The authors concluded that the innovation 

potential of CSAM is outstanding, and the current trend of this AM technology 

points to a future consolidation as an industrial process.  

1.3.1 Properties of CSAM deposits 

One of the most basic concepts in the field of Materials Science is the 

relationship between properties, process, and crystal structure and 

microstructure within a material. Each of these steps are fundamental to 

understand the behavior and performance of any manufactured part. In the CS 

process, these three factors are interrelated with one another and its 

comprehension allows to design and optimize materials for a wide range of 

applications: 

 Process: the process involves the method used to manufacture or modify 

the feedstock materials. These include a broad range of technologies, 

from traditional fabrication methods, such as casting, forging, and 

machining, to cutting-edge technologies, such as additive manufacturing, 

surface engineering technologies (including physical and chemical vapor 

deposition), friction stir welding, among others, to post-process methods 

including machining and heat treatments. The choice of process depends 

on the material of interest and the intended application, as it highly 

influences the final properties and microstructure of the fabricated 

material. 
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 Microstructure: the microstructure refers to the arrangement of grains, 

atoms, phases, crystals, etc. within the material at the microscopic level. 

In particular, the arrangement of atoms that conform the crystal structure 

of metals is fundamental to their properties. These set of characteristics 

determine the macroscopic properties of the material, such as strength, 

ductility, conductivity, etc. and can be tailored with the processing 

techniques.  

 Properties: the properties of the material determine its behavior and 

performance under real application conditions. These characteristics can 

be measured and include mechanical, thermal, and electrical properties, 

among many others. These properties are defined by the microstructure, 

which can be controlled with the processing conditions.  

Understanding each element of this intricate relationship is fundamental in the 

development of CS as an AM technology. Since the feature characteristic of CS 

lies in the solid-state processing of feedstock powders through plastic 

deformation induced by kinetic energy, the comprehension of the relationship 

process-microstructure-properties is critical to manufacture quality parts that 

meet the performance criteria of the intended applications. Figure 1.11 shows 

schematically this relationship along with some examples applicable to the CSAM 

technology. 
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Figure 1.11. Relationship between properties, processing, and microstructure in 
CSAM.

In the as-sprayed state, the microstructure of the CS deposits is made up 

of deformed and packed particles that, in most cases, show an identical 

microstructure to that of the feedstock powder; no oxidation or phase changes 

typically occur during the spraying process [12]. However, if there is insufficient 

plastic deformation or the packing of the particles is not perfectly arranged, 

defects, such as voids and inter-particle boundaries may be present within the 

microstructure. For this reason, CSAM deposits are considered to have inferior 

mechanical properties in their as-sprayed state compared to bulk materials. As 

discussed earlier, the ease or difficulty of plastic deformation (and the consequent 

generation of pores) depends on the intrinsic characteristics of the feedstock 

material. 

Cavaliere and Silvello [65] characterized the microstructural and 

mechanical properties of different coatings (Al-, Ti-, and Ni-based powders) 

deposited into different substrates (Al-, Ti-, Fe-, Ni-, and Mg-based substrates) 

and developed a database in which properties such as microhardness, porosity, 

and adhesion size were modelled based on the selected processing parameters. 

The model developed by the authors allowed to predict the CS coatings’ quality 
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in function of the different experimental conditions. The most straightforward 

strategy to promote plastic deformation is by increasing the critical velocity, (vcr) 

by optimizing the spraying parameters for each material to align with the ideal 

microstructure for the intended final application [27]. In this sense, the properties 

of the final CS deposits can be tailored by adjusting the process variables. While 

dense microstructures are crucial for optimal performance in certain fields, such 

as repair or manufacturing of freestanding parts [8], some other applications 

require porous microstructures; for instance, titanium coatings in biomedical 

applications [66].  

Many studies that investigate the properties of CSAM deposits are found 

in the literature for many materials from pure metals such as Cu [67], Al [68], and 

Ti [69], to alloys such as Al7075 [70], aluminum bronze [71], Ti6Al4V [69], 

stainless steel 316L [40], and HEAs [72]. In general, CS deposits tend to be brittle 

with poor ductility due to the intensive plastic deformation of the particles and low 

interparticle cohesion. Moreover, poor mechanical properties such as yield 

strength, ultimate tensile strength and elongation in the as-sprayed state have 

been reported [67,73,74]. In particular, soft materials such as Al and Cu exhibit a 

tensile strength levels similar to their bulk counterparts. Conversely, high-strength 

materials such as Ti and SS 316L demonstrate significantly reduced values 

compared to bulk parts. Moreover, due to the work-hardening effect of the 

impinging particles, commonly known as peening effect, the microhardness in the 

as-sprayed deposits is typically higher as the bulk parts fabricated by other 

conventional methods [74].  

Despite the advantages induced by the peening effect of the particles 

impacting at high kinetic energies (increased microhardness and particle 

deformation), it can also generate an excess of residual stresses in the final 

deposit. Typically, the higher the plastic strain on the sprayed particles, the higher 

the residual stresses that are generated [75]. The presence of residual stresses 

within metallic components are an important factor to consider when evaluating 

its properties and lifetime performance. In particular, CS coatings can exhibit both 

tensile or compressive residual stresses, the last ones being considered to 

enhance the fatigue and strength properties of the final part [76].  
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Moreover, several phenomena in relation to the residual stress evolution 

during CS can be observed: On one hand, compressive residual stresses are 

generated from the already mentioned peening effect of the particles. On the 

other hand, the high gas temperature can induce an annealing effect during the 

spraying process, resulting in a simultaneous relieve of the residual stress 

generated by the cold-working effects of the particles. Finally, thermal residual 

stresses can be generated between the deposit and the substrate during cooling 

[77].  

The simultaneous presence of these effects during the deposit 

build/growth can complicate the control of the residual stresses in the final CS 

coatings, as they are generated and relieved simultaneously [76]. Thus, 

investigating its evolution during the spraying process is critical to obtain deposits 

with enhanced properties. In this sense, Suhonen et al. [77] studied the residual 

stress development in Al, Cu, and Ti CS coatings. The authors concluded that 

the generation of compressive or tensile stresses in the coatings depend in great 

part on two factors: i) material factors: the characteristics of the feedstock material 

(hardness, plasticity, composition, etc.) in terms of their deformation behavior 

upon impact, along with the tamping effect, and ii) thermal factors: the difference 

of the coefficient of thermal expansion (CTE) between the deposit and the 

substrate; the greater the difference in CTE between them, the greater the 

generation of residual stresses generated after the deposition.  

Moreover, a more complex residual stresses profile within the deposits is 

generated when spraying thick deposits or 3D parts, for instance, the adhesion 

strength is highly influenced by the accumulation of residual stresses, which in 

excess can cause debonding, delamination, and can act as critical factors in 

crack initiation and propagation that negatively affect the final properties of the 

CS parts. This effect is more pronounced in the deposition of thick deposits of 

high strength materials, since the plastic strain is much higher compared to 

ductile materials such as Al or Cu [73,78]. Therefore, understanding and 

controlling the residual stresses in CSAM is essential to ensure the integrity of 

the manufactured parts [79], especially for repair applications where the adhesion 

strength is a critical factor.  
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Another phenomenon present in CSAM parts that has raised a significant 

concern is the microstructural and mechanical anisotropy caused by the stacking 

of the powder particles along the 3D planes, which is defined as the difference in 

properties when measuring in different directions. Hence, some researchers have 

focused their attention on investigating the anisotropic behavior of CSAM bulk 

parts, with specific emphasis on Cu [80,81] and Al [82]. Although these materials 

are known to produce dense microstructures when being processed by CS, the 

subtle inter-particle boundaries present in the microstructure can cause 

differences in the mechanical properties along the different directions within the 

bulk part.  

In this sense, Yin et al. [80] evaluated the effect of two nozzle scanning 

strategies on the mechanical anisotropy of CSAM Cu deposits: bidirectional and 

cross-hatch, as shown in Figure 1.12. 

 

Figure 1.12. Nozzle scanning strategies. Figure obtained from [80]. 

Their findings revealed that the deposited Cu particles varied its 

deformation shape across the spraying planes: an equiaxed particle shape was 

observed across the plane XY, perpendicular to the spraying direction, while lens-

like shape particles were observed in the XZ and YZ planes parallel to the nozzle 

trajectory. Moreover, Yang et al. [81] investigated the tensile strength of thick Cu 

as-sprayed deposits in different directions ranging between 0º and 90º, the first 

one corresponding to the YZ plane (parallel to the nozzle traverse direction), while 

the last to the XY plane (growing plane with each layer), as shown in Figure 1.13. 
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Figure 1.13. Tensile strength test directions. Figure obtained from [81]. 

It was found that the tensile strength showed important differences 

depending on the tested angle, with the highest value of 175 MPa resulting in a 

30º direction, while the lowest value, 69 MPa, in the 90º direction (XY plane). Two 

factors were attributed to this behavior: the weak interface bonding between the 

particles across the different layers in the spraying direction (90º or XY plane), 

decreasing the tensile strength, and the frictional force that resulted from the 

interparticle stacking across layers, which enhanced the tensile strength at any 

angle different than 90º due to the inter-packing of the particles. Moreover, this 

mechanical anisotropy was observed to become more evident with the increase 

of thickness. This described trend in the tensile strength has been reported in 

other studies with Al alloys [82,83]. For example, Rokni et al. [83] investigated the 

mechanical anisotropy of CS 5056 aluminum alloy. In this study, the lowest 

tensile strength was also obtained in the growing plane XY. Furthermore, Ren et 

al. [82] obtained the same trend of results for CSAM 7075 Al parts; the authors 

observed that the tensile strength decreased as the angle increased relative to 

the substrate surface (with the lowest value in the 90º direction) and, in alignment 

with the other authors, attributed this behavior to the stacking of the particles that 

is composed of deformed particles.  

Moreover, considering the overall microstructural characteristics of as-

sprayed CSAM deposits, it is essential to not only asses their mechanical 

properties, but also other properties relevant to various applications; the already 

mentioned internal defects and the subsequent anisotropic behavior also impact 

other properties of the CSAM materials. For instance, the pores and inter-particle 

boundaries have been shown to hinder current and heat transfer along the 

deposit, which lead to lower electrical and thermal conductivities [8,9]. Another 
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example is the effect of the porosity on the corrosion resistance of the CS 

deposits. Hussain et al. [84] evaluated the corrosion performance of CS Ti 

coatings sprayed onto carbon steel substrates. The results revealed that porosity 

significantly affects corrosion resistance. This influence is attributed to two 

primary factors: an increase in the true surface area of the tested specimen and 

a deficient isolation of the substrate. The latter becomes particularly relevant 

when the substrate consists of a less noble material, thereby decreasing the 

corrosion performance of the CS coating. 

Thus far, it is evident that the CSAM process allows to produce as-sprayed 

deposits with a very particular microstructure. Typically, this microstructure 

exhibits some generalized characteristics including porosity, brittle behavior, 

limited ductility, work-hardening effects, generation of residual stresses and 

anisotropic behavior. Consequently, these inherent characteristics condition 

other properties that ultimately determine their potential performance for specific 

applications. Referring again to the process-microstructure-properties 

relationship presented in Figure 1.11, a way to tailor the microstructure and 

enhance the final properties is through the processing conditions of the feedstock 

material. However, this is not limited to the initial processing. Once the part is 

manufactured it can be subjected to several post-process steps that adjust the 

microstructural characteristics and serve as processing strategies to overcome 

the limitations of the intrinsic characteristics of the CSAM technology.  

A more in-depth discussion about heat treatments post-processes and 

other strategies for the microstructure densification of CSAM will be described in 

the subsequent sections.  

1.3.2 Applications of CSAM 

The capability of the CSAM technology to produce dense deposits with 

unlimited theoretical thickness has unlocked its potential in the metal 

manufacturing field. Nowadays it is possible to obtain CSAM bulk components 

with simple geometries such as cubic blocks, walls or cylindrical shaped-parts 

[10]. In this sense, the aerospace and defense industries have adopted this AM 

technology; some companies or research centers that have implemented CSAM 

for repair purposes of high-value parts include Boeing, GE, Pratt & Whitney, 
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Honeywell, Airbus, Safran, Rolls-Royce, TWI, etc. [11]. As a result, this 

technology has been predominantly implemented in two key areas: the 

fabrication of freestanding parts and the repair of damaged metallic components 

[36]. 

1.3.2.1 Freestanding components by CSAM 

The fabrication of freestanding parts with CSAM has been widely studied 

in the literature because the low spatial resolution of CS still limits the capability 

to manufacture complex geometries. Hence, different deposition strategies can 

be considered to obtain near-net-shape components. For instance, machining 

can be implemented either at the end of the process to tailor the required 

dimensions of the final CSAM parts, or during the spraying process. In this last 

case, a machining tool is utilized as an integral part of the spraying equipment, 

providing an in-situ finishing of the object layer by layer [9].  

Moreover, the use of masks allows to manufacture CSAM parts with 

patterned surfaces that may be used for several applications in specific use cases 

where the near-net-shape metallic fins can be implemented [85,86]. One example 

is the production of near-net-shape pyramidal fin arrays as components for heat 

transfer applications. These fin components enhance heat transfer performance 

compared to flat surfaces due to the increased surface area [87–90]. Cormier et 

al. [87] evaluated the heat transfer properties of pyramidal and rectangular fin 

arrays made from pure Al and stainless steel for their implementation in a new 

type of heat exchanger, known as Wire Mesh Heat Exchanger (WMHE). 

Additionally, Cormier et al. [88] extended this research by investigating the effects 

of varied fin height and fin density for heat sink applications with the objective of 

obtaining a component that maximizes heat dissipation, while maintaining 

compactness. In addition, Dupuis et al. [90] studied the thermal and hydraulic 

performance of round, square, and diamond pin fins in various density 

configurations for heat transfer applications. They found that the fin array 

configuration played an important role on the thermal performance.  

All of these studies suggest that the pin fin array CSAM components can 

be effectively applied in heat transfer applications or in specific cases where flow 

fields with higher surface areas are required, such as microreactors. Overall, the 
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fabrication of freestanding parts by CS offers a versatile and efficient 

manufacturing solution for producing components for a wide range of 

applications. The possibility to use CSAM in specific use cases represents one 

of the main areas of opportunity for this technology, a topic that has been 

constantly explored and discussed in the literature.  

1.3.2.2 Repair by CSAM 

Up to date, the mostly addressed application of CSAM is the repair of 

damaged components, as it provides the capability to remanufacture damaged 

metallic pars, thereby reducing the need for costly replacements and extending 

their service life [64]. Due to its unique solid-state characteristic, which preserves 

the substrate and maintains the microstructural characteristics of the feedstock 

powder, the CSAM technology can overcome the limitations of traditional 

repairing technologies, such as welding, electroplating, and other AM 

technologies [9]. Particularly, the advantages of CSAM for the repair of metallic 

components include [9,91]:  

a) High efficiencies & total cost savings: The CSAM process allows to 

successfully repair the damaged parts instead of replacing the entire component. 

It is characterized by high deposition rates, leading to high repair efficiencies and 

short leading times. In addition, a portable CS system can be used for the in-situ 

repair of large components, further reducing logistic costs.  

b) Substrate preservation & material compatibility: The solid-state 

deposition prevents the thermal damage of the substrate that may arise with other 

repairing technologies. Additionally, CS allows to repair the damaged unit with 

powders of the same material, which allows to restore the damaged part to its 

initial state. 

c) Enhanced fatigue properties: CSAM deposition results in the 

generation of compressive residual stresses, which prevents cracks initiation and 

propagation, resulting in enhanced fatigue properties.  

In this sense, the advantages of CSAM over other repair methods position 

this technology as a potential AM repair solution. Faccoli et al. [92] compared the 

microstructural characteristics of martensitic SS parts repaired by CS and 
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welding. Their findings revealed that the CS repair offers some advantages 

compared to welding, including beneficial compressive residual stresses, a 

preserved interface repair-substrate, and a higher microhardness, suggesting the 

possibility to implement CSAM as a reliable method for the restoration of 

martensitic SS components.   

As mentioned before, many institutions have focused their attention on the 

repair of diverse components with CSAM, for example, turbine blades, propellers, 

engine parts, gearboxes, etc. [9]. Typically, these components operate under 

aggressive conditions, which eventually lead to damage caused by several 

factors. The sources of damage can be classified into two main categories: 

corrosive or erosive damage, and mechanical damage. 

Damaged parts by corrosive or erosive environments are ideal candidates 

for repair using CS. In particular, the most promising application is the repair of 

aerospace components subjected to high temperature and humid conditions that 

operate at high-speed rotations. In this sense, magnesium and its alloys are 

excellent materials due to their enhanced properties (low density, high thermal 

conductivity, machinability, etc.) widely used in this field. However, these 

materials tend to corrode when paired with other metals, a behavior that 

significantly reduces their lifetime service [8]. A solution for this problem has been 

the CSAM repair of these components by spraying the corroded area with 

aluminum and aluminum alloys, which present excellent adhesion and corrosion 

resistance in these conditions [93]. Another important material used in the 

aerospace industry is Ni-based superalloy Inconel superalloy with excellent 

corrosion resistance and high mechanical strength at high temperatures. As an 

example, Shell et al. [94] presented a corroded actuator barrel repaired with the 

CSAM deposition of this Ni-alloy. The repair of corroded and eroded components 

represents a significant opportunity for CSAM to be established as a reliable 

repair method in industries that require high-performance components.  

Moreover, parts with mechanical damage caused by wear, fatigue, or 

impact can also be repaired with CSAM. Typically, the conventional procedure to 

repair a damaged part by CSAM involves pre-machining the damaged area, i.e. 

grounding or grit-blasting the surface, spraying the powder, and post-machining 

the deposit according to the final geometrical requirements [63]. Examples of this 
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repair process are documented in the literature [95,96]. Villafuerte and Wright 

[95] reported the CSAM repair of an Al part of the utility engine of a private jet 

damaged by corrosion, Figure 1.14. shows the steps of the repair process: a) the 

damaged component, b) the as-sprayed Al part, c) the as-machined part, and d) 

the final part. Moreover, Petráčková et al. [96] developed a procedure for 

characterizing the fatigue strength of an A357 aluminum alloy CS repair, intended 

for structural components. The authors machined a cavity simulating a damaged 

zone and repaired it with CS. Subsequently, the axial fatigue of the specimens 

was evaluated. The results revealed that the fatigue strength of the CS deposit 

resulted similar to that of the base material. In addition, the crack initiation points 

were always located in the substrate and no delamination of the deposit was 

observed.  

 

Figure 1.14. CSAM steps repair of an Al engine component: a) part with corrosion 
damage, b) CSAM as-sprayed Al part, c) as-machined, and d) finished part [95]. 

In Figure 1.15, various examples parts manufactured or repaired using 

different CSAM strategies are presented. Figure 1.15-a shows a steel bracket 

fabricated at the United Technologies Research Center [8]. This metallic part was 

sprayed onto a substrate that acted as a mandrel. The steel part was removed 

and machined to its required geometric tolerances [9]. Additionally, Cormier et al. 

[87] manufactured patterned parts with pyramidal pin fins using masks of steel 

wire, which served as a barrier between the spraying gun and the substrate, as 

exhibited in Figure 1.15-b. Furthermore, a CSAM copper flange manufactured by 

Plasma Giken Co. is shown in Figure 1.15-c [97]. This component was 

manufactured using an external spindle to rotate a mandrel substrate and 

spraying directly onto it. Other components have been documented in the 

literature as well; Pattison et al. [98] sprayed a Ti hemisphere component with the 

aid of a mould tool (Figure 1.15-d). Stamey [99] reported the CS repair of a marine 
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pump made of a tin-bronze alloy, which is not weld-repairable, for marine 

applications in which a high wear resistance is required (Figure 1.15-e). 

Stoltenhoff et al. [100] restored Al-alloy blades (Figure 1.15-f) that had undergone 

erosion due to the impact of dust, debris, and water droplets. The damaged parts 

were successfully ground and repaired using CSAM before being returned to 

service. Moreover, Lee et al. [101] repaired a damaged Al6061 mould using CS, 

which allowed to extend its service life. 

Figure 1.15. a) CSAM bracket [8] b) Pin fin arrays [87], c) Cu flange [97], d) Ti 
hemisphere [98], e) Marine pump [99], f) Restored Al-alloy blades [100]

Certainly, the potential of CSAM as a repair technology has been explored

in the last decade, demonstrating significant advantages compared to other 

repairing methods. However, studies on further applications and materials are 

encouraged to be able to implement CSAM as a large-scale industrial repair 

technology. 

1.3.3 Challenges in CSAM

As mentioned before, each AM technology offers distinct advantages and 

disadvantages depending on several factors, such as feedstock characteristics, 

intended application, production time, etc. On top of that, all these methods are 

in constant development and have to face different restrictions to upgrade the 

technology. This is also the case for CSAM; as it is still an emerging technology, 

several challenges need to be investigated to reach the full potential that this 
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solid-state technology can offer in the realm of AM. Challenges such as precise 

control over the geometrical shape of the deposits, inferior mechanical properties 

in comparison to bulk materials, debonding between deposit-substrate due to 

excessive residual stresses in repair applications, and poor deposition of hard 

materials, are factors that determine these limitations and highlight the research 

gaps that need to be addressed in the coming years. Figure 1.16 shows

schematically these challenges, along with various deposition strategies that are 

currently being investigated to overcome them, which are explained in detail in 

the following sections. 

Figure 1.16. CSAM challenges & deposition strategies

• Geometrical control: In general, one of the most featured attributes of 

AM is their bottom-up approach, wherein an object is decomposed into 

numerous cross-sectional sections and constructed layer by layer, 

allowing to manufacture high-complex shapes that would not be possible 

to produce with other traditional methods. However, in the case of CSAM 

the geometrical control over the shape of the as-sprayed parts is restricted 

within two factors: first, the layer thickness for each layer, which depending 

on the feedstock material can range between 50 μm and 200 μm, and 

second to the spraying spot size and the inherent velocity distribution of 

the particles at the exit of the nozzle that causes the deposits to grow with 

a pyramidal shape; the particles in the center of the spot achieve greater 

velocities than the ones at the periphery, consequently a higher deposition 
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of particles is obtained in the center than on the edges [52,102]. In this 

sense, Cai et al. [102] investigated the relationship between the robotic 

parameters (spray distance and scanning step) and the obtained coating 

profile. The authors developed a method for simulating the coatings’ profile 

and found out that the profile of the deposited particles fitted into a typical 

Gaussian curve. Moreover, Kotoban et al. [52] explored the correlation 

between the cross-sectional shape of a single-track coating and the DE. 

Their findings indicated that during the initial layer deposition, particles at 

the periphery of the jet exhibited a marginal decrease in DE compared to 

those in the jet core. This resulted in the formation of a triangular-shaped 

deposit, that gradually increased with each subsequent layer. 

• High costs: The implementation of CSAM in industry is still limited by its 

significant costs associated with the equipment investment. These costs 

not only include the spraying gun, but also the infrastructure establishment 

of the CSAM spraying environment [103]. In addition, the operational costs 

also contribute to this limitation, primarily comprised by the process gas 

and the feedstock powder. Typically, N2 and He are used, with the former 

preferred for its availability and cost-effectiveness [104]. Furthermore, the 

specific requirements of the feedstock powders amplify the process costs; 

however, these expenses can be reduced by using water atomized 

particles instead of gas atomized ones [40].  

• Deposition of high strength materials: The CS technology has been 

used for a wide range of materials. In the case of metals, both ductility and 

hardness are factors that can be used to determine the feasibility of 

obtaining quality deposits. The former is related with the deformation 

ability of the metal; only particles with enough ductility at the impingement 

conditions can be easily deposited [21]. According to Sun et al. [11] metals 

with hardness lower than 300 HV are suitable to produce high quality CS 

specimens; metals with hardness in the range of 300 HV and 400 HV can 

be sprayed, however the optimization of spraying conditions is imperative, 

and a post-process strategy may be required (i.e. heat treatment); metals 

with hardness values over 400 HV can be difficult to deposit due to a lack 

of deformation of the particles that may lead to high porosity values, 
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depending on the intended application cold spraying of these materials 

can be a suitable method for obtaining porous materials. Examples of 

metallic materials that can be challenging to deposit with CSAM are Ti and 

its alloys, stainless steel, IN718, and high entropy alloys (HEA’s) [8,11].  

• Properties of CSAM deposits: In relation with the high costs, the primary 

applications of CSAM are found in industries where its cost-effectiveness 

can be leveraged, such the aerospace, automotive, marine, and defense 

[9,63]. In these industries, the quality and performance requirements of the 

final objects are highly demanding [63]. For these applications, the 

properties and quality of the CSAM deposits need to be carefully assessed 

following strict quality control processes. It has been observed that CS as-

sprayed deposits can exhibit mechanical properties that are less favorable 

compared to bulk materials, including reduced strength, ductility, electrical 

and thermal conductivity, as well as wear resistance [8]. This behavior is 

attributed to inherent defects that may arise from the spraying technology. 

During the coating build-up, the particles are plastically deformed and 

compacted in the solid state; when processing materials with limited 

ductility or sprayed under low impact velocities, microstructural flaws such 

as micropores and interparticle boundaries may appear. In addition to the 

intrinsic defects within the microstructure, anisotropic behavior has also 

been observed in CSAM deposits due to the layered arrangement of the 

particles [80]. 

• Residual stresses: As CS coatings are sprayed layer by layer with 

particles impacting the growing surface of the substrate, residual stresses 

typically emerge within the deposit. In general, these deposits are 

characterized by exhibiting compressive residual stresses, attributed to 

the peening effect of the particles during spraying, which often enhance 

their mechanical properties [64]. However, an excessive accumulation of 

these residual stresses in thick deposits may affect their integrity, leading 

to issues such as debonding or delamination. This detachment and lack of 

cohesion is mostly observed when depositing high strength materials or 

when there is a significant thermal mismatch between the feedstock 
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material and the substrate, particularly disadvantageous for repair 

applications [75,105].  

For these reasons, as shown in Figure 1.16, various deposition strategies 

have been proposed and studied to advance the development of CSAM 

technology by addressing its challenges. These innovative approaches aim to 

bridge the existing gaps and maximize the CSAM technology within its full 

potential in the AM field. The state-of-the-art deposition strategies that have been 

developed by the CSAM researchers are described in detail in the next section.  

1.3.4 CSAM deposition strategies 

Nowadays, the efforts of the research community in the CSAM field are 

focused on developing this technology beyond its inherent challenges. To do so, 

scholars have proposed and investigated different deposition strategies that allow 

the CSAM technology to be implemented in its full potential in the field of AM with 

the objective of providing new solutions that expand the metal 3D printing 

technology. 

These new deposition strategies can include improvements in the current 

deposition process, implementing post-process methods to tailor the 

characteristics of the final objects, or investing in supplementary equipment to 

upgrade the CSAM process. Some examples of deposition strategies include 

optimizing the robotic path trajectories or employing masks to overcome 

constraints to manufacture objects with a more complex shape; introducing 

advanced strategies during spraying or process modifications, such as substrate 

preheating or in-situ shot peening to tailor the deposits characteristics; 

incorporating the laser-assisted cold spray (LACS) equipment to broaden the 

CSAM processing capability; and implementing post-process methods such as 

heat treatments or machining that help to enhance microstructure densification 

and surface finish, respectively. These current state-of-the-art deposition 

strategies, under development, will be described and discussed in detail in the 

following subsections.  
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1.3.4.1 Robot path trajectories 

In CSAM, the robot path trajectory is defined as the movement that the 

nozzle follows during the spraying process. The primary objective of this 

trajectory is to produce a homogeneous deposit on the substrate surface with a 

desired geometry [8].  

Typically, CS coatings are sprayed perpendicularly to the substrate, with 

the nozzle maintained at a constant angle of 90º. This involves following a 

straightforward path from one side to the other with a constant scanning step that 

ensures that the deposit covers the entire surface of the substrate, as shown in 

Figure 1.17. In this sense, some studies are found in the literature that investigate 

different trajectories with the 90º angle kept constant [106,107]. Wu et al. [106] 

studied four different spraying trajectories to obtain Cu deposits, including 

trajectories such as zigzag, cross path, parallel path, and spiral path. The results 

only revealed differences on the residual stress distribution, thus no differences 

in the microstructure nor mechanical properties of the produced coatings were 

found. Furthermore, Chaoyue et al. [107] investigated a novel trajectory for the 

repair of damaged parts that followed a path determined by the Archimedean 

spiral, which is characterized by having a constant distance between its 

successive turns. The authors adjusted the traversal velocity of the robot based 

on the crater’s depth caused by the damage, resulting in a successful repair of 

an aluminum alloy damaged substrate with a high-quality coating. Since these 

strategies explore different toolpaths in the growing XY plane, they are only 

effective for fabricating deposits with simple geometries.  

As mentioned before, at high thicknesses, the deposits tend to grow with 

a pyramidal shape due to the velocity profile of the particles when exiting the 

nozzle, which conform the spraying spot. Consequently, fabricating parts with 

complex geometries remains challenging with this technology. Therefore, novel 

robot path trajectories that involve optimizing the CS robotical parameters in the 

three-dimensional space need to be developed. These trajectories should 

account for the nozzle deflection to compensate for material loss at the edges of 

the pyramidal deposit, facilitating the fabrication of near-net-shape components. 
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Figure 1.17. Robot path trajectories: a) Traditional strategy, b) Stable-layer building 
strategy, c) Metal Knitting strategy. Figures obtained from [108] (Figure a and c), and 

[109] (b).

As opposed to other AM technologies, where a 3D object is modeled and 

then automatically manufactured additively, CSAM currently does not have a 

standardized methodology for obtaining complex parts [110]. Therefore, it is 

crucial to investigate and develop new robot path trajectories and to standardize 

a methodology that enables the fabrication of complex geometries using CSAM 

from an initial digital model. To achieve this, a comprehensive understanding of

the behavior of sprayed deposits of various materials is essential for setting a 

basis for the fabrication of CSAM deposits with a controlled geometry. 

In this sense, some works in the literature have investigated different robot 

path trajectories for the fabrication of complex-shaped parts. The first approach 

for the fabrication of CSAM free-standing components with controlled shape was 

proposed by Pattison et al. [98] The authors investigated a triangular-tessellation 

strategy that consisted on tilting the nozzle and spraying into the inclined face of 

the deposit formed in the initial layer. This strategy was developed with the 

intention to obtain deposits with a vertical wall without the need of edge milling 

post-processes. However, for this approach to be effective, a pyramid-shape 

deposit first needs to be deposited before the subsequent layers with the inclined 

nozzle, causing an overall reduction in the deposition efficiency. Subsequently, 

Wu et al. [109] introduced another building strategy to form complex 3D shapes 

layer-by-layer (Figure 1.17). The authors focused on optimizing three key robotic 

parameters based on the approximation that the sprayed single tracks can be 

represented as a normal Gaussian curve: the deflection angle, the scanning step, 

and the retreat distance of the nozzle. In particular, this strategy is able to
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compensate the thickness difference at the edges of the deposit by spraying a 

layer at a deflection angle, resulting in the obtention of thick deposits with straight 

walls. Another alternative for the fabrication of straight wall CSAM deposits was 

developed by Vaz et al. [108]. This deposition strategy, known as Metal Knitting, 

involves spraying at a constant deflected angle while making circular movements 

(Figure 1.17). This approach maximizes deposition efficiency at the edges of the 

deposit rather than at the center. Although this method allows for the successful 

creation of thick deposits with straight walls, the consistent deposition at an angle 

other than 90º results in higher porosity in the CSAM parts compared to other 

deposition methods.  

Taking this into account, the development of new path trajectories must 

consider their influence not only on the geometry of the final deposit but also on 

its microstructural characteristics, specifically to minimize porosity and avoid 

subsequent detrimental effects on the mechanical properties of the final part. 

Vargas-Uscategui et al. [111] focused their research on understanding the impact 

of robot path trajectories and the robotic parameters of the CS process on both 

the shape and porosity of a CSAM object. To achieve this, the authors sprayed 

squared Ti frames while varying the contour spray angle, traverse velocity, and 

corner radius. The results revealed that the toolpath trajectories generated a 

porosity distribution within the microstructure of the deposits, with pore values of 

20-30 % at the edges of the deposit, 10-15 % in the interlayers, and 5-10 % within 

each track layer.  

Moreover, another approach currently being investigated is the 

standardization of robotic paths from a more automatized perspective, instead of 

the individual adjustment of the toolpath for each spraying case. The 

implementation of robot programming models and artificial intelligence has 

contributed to great advancements in this context. Wu et al. [112] explored novel 

strategies for robot programming and post-spray analyses, establishing a 

foundation for the industrialization of the CSAM process and its subsequent 

quality control of the final printed parts. Specifically, the authors developed an 

application capable of processing geometries in CAD form that can translate 

these models as robotic toolpaths that allow a precise control over the geometry 

of CSAM objects. Li et al. [110] proposed another standardized methodology for 
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the fabrication of complex components by CSAM with the aim of reducing the 

overall cost of spraying large parts. This methodology relies on a digitalized 3D 

model of the desired component, which is sliced by a novel algorithm that 

generates intersecting points, i.e. the contour, for the nozzle trajectory. The 

authors concluded that their proposed methodology enables CSAM to 

manufacture workpieces with complex geometries. Moreover, Liu et al. [113] 

predicted the shape of multiple single tracks profile using an artificial neural 

network when spraying onto heterogeneous substrate surfaces.  

Even though these studies have propelled the development of CSAM with 

new toolpath methodologies, the fabrication of CSAM parts with complex 

geometries remains challenging, especially when compared to other metal AM 

technologies with higher geometrical precision. Therefore, understanding the 

behavior of the various cold-sprayable materials for manufacturing near-net-

shape components or reconstructing damaged parts, along with the subsequent 

development of a standardized programming of the robot path trajectory is crucial 

for reaching the full potential of CSAM. 

1.3.4.2 Heat treatments 

One of the most studied deposition strategies to enhance the properties of 

the CSAM parts are the heat treatments (HT). As mentioned before, both the 

microstructure and the final properties of materials are influenced by their 

processing, including post-processing techniques such as HT. In this context, HT 

is among the most effective methods for tailoring the microstructure of CSAM 

deposits, consequently improving their mechanical properties based on their 

intended application [8]. 

 In this sense, HT have become a successful strategy for overcoming some 

challenges associated with the CSAM technology, primarily addressing the 

inferior mechanical properties and the excessive accumulation of residual 

stresses. During the HT, the microstructure of the CSAM deposits evolves based 

on the temperature, time, and environment during the process. After the particles 

are deposited, they remain plastically deformed and packed into layers. 

Depending on the material, a dense or porous coating is obtained. In the 

second case, defects such as particle boundaries and pores are present within 
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the microstructure. When applying the HT to the CSAM parts, the particles 

undergo transformation through three distinct phases: diffusion, recrystallization, 

and grain growth [74]. The diffusion process involves the movement of atoms 

within the particles due to the available thermal energy. This phase relieves some 

of the internal stresses and is critical for healing the defects within the 

microstructure, thus the particle interfaces tend to disappear. Furthermore, the 

recrystallization phase enhances the ductility of the CSAM parts by removing the 

work hardening effects caused by the intensive plastic deformation of the 

particles. Finally, grain growth takes place, and the new grains formed increase 

in size. Usually, fine grains contribute to enhanced mechanical properties, so the 

temperature and time of the HT must be controlled to avoid excessive grain 

growth [74]. Figure 1.18 schematically illustrates these evolution steps during HT. 

 

Figure 1.18. CSAM microstructure evolution steps during HT. Figure obtained from 
[74]. 

In addition to the relief of residual stresses, densification of the 

microstructure, and improvement of mechanical properties, HT also has been 

shown to increase the adhesion strength by promoting metallurgical bonding 

between the deposit and the substrate [33,114,115], and eliminate the anisotropy 

typically present in CSAM parts due to the recrystallization processes 

[10,80,81,116].  
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In particular, annealing has been implemented as a simple and 

straightforward post-processing method for various metallic materials fabricated 

by CSAM, including Cu [67,117], Al and its alloys [70,118–120], Ti and its alloys 

[121–124], stainless steel [125] and Ni alloys [115,126,127]. Huang et al. [74] 

studied the effects of annealing on the porosity and mechanical properties of four 

typical materials used in CSAM: Al, Cu, Ti, and stainless steel 316L. Their 

findings indicated that, as mentioned before, the microstructure of all materials, 

along with their subsequent HT process, determined their mechanical properties. 

The authors concluded the extent of the effect of the annealing depending on the 

material: For Cu, being a highly ductile material with completely dense 

microstructure, the mechanical properties resulted equivalent to Cu bulk 

materials after the annealing. This indicates that CSAM can be an excellent 

technology for the production or repair of Cu components. In the case of Al and 

stainless steel 316L, where some pores and defects were present within the 

microstructure, the annealing improved the strength of the deposits by fixing 

these defects. However, the tensile strength resulted slightly lower than their bulk 

counterparts. Finally, the Ti coating showed a porous microstructure that was 

difficult to improve through annealing.  Specifically, the large pores remained 

unchanged due to the lack of intimate contact between the particles. 

Another HT that has been widely studied for the densification of CSAM 

parts is the hot isostatic pressing (HIP) technology. HIP is a well-known method 

in the aerospace industry to reduce porosity, as it compresses the material in all 

directions with an inert gas at the same time it applies temperature. This HT 

method has been particularly studied for high strength metallic materials that lead 

to porous microstructures in the as sprayed state, such as Ti [128] and IN718 

[127]. Petrovskiy et al. [128] investigated the influence of HIP on the 

microstructure and tensile strength of CS Ti coatings. In this study the porosity 

was reduced from 4.3 to 2.2%, while the tensile strength increased from 110 to 

480 MPa, in the as sprayed and HIP-treated conditions, respectively. This 

demonstrated HIP as a successful deposition strategy for the microstructure 

densification of these high strength materials, however only the small pores were 

eliminated and the large pores remained intact after the HIP treatment, 

suggesting that a simpler method such as annealing is a better method in terms 
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of cost-efficiency. This is supported by the work of Pérez-Andrade et al. [127], 

who evaluated the microstructural characteristics of IN718 subjected to HIP-

treatment. The authors concluded that annealing was enough to obtain samples 

with porosities below 1%, and HIP-treatment is not essential in CSAM. 

Annealing HT is an effective way to enhance both the microstructure and 

the mechanical properties of CSAM deposits. However, this deposition strategy 

also has its limitations, and further methods still need to be investigated as a 

complement to obtain CSAM parts of high-strength materials comparable to bulk 

parts.  

1.3.4.3 Substrate preheating 

A crucial variable during the CSAM deposition is the substrate. In addition to the 

substrate material and surface characteristics, its temperature significantly 

affects the quality of the CS deposit. Thus, the substrate preheating has been 

extensively studied as a deposition strategy.  

 One of the first approaches to the investigation of the effect of the substrate 

temperature on the coating formation was proposed by Legoux et al. [129]. This 

study evaluated the deposition of Al, Zn, and Sn onto preheated substrates at 

temperatures that varied from room temperature to a high fraction of the melting 

point of the feedstock material. The authors established the importance of 

temperature in the CS process: the substrate temperature is as important as the 

particles temperature for coating formation. In the same way, Fukumoto et al. 

[130] evaluated the impact of substrate preheating on the deposition behavior of 

individual Cu particles. The authors concluded that the higher the substrate 

temperature, the higher the deposition rate of the Cu particles.  

These two works set a basis for further studies on substrate preheating, 

since it was clear that the temperature was a key factor on particle bonding and 

the subsequent coating formation. Yin et al. [131] studied numerically and 

experimentally the heat exchange between the process gas and the substrate 

temperature when spraying Cu, Al, SS, and Ti coatings. Moreover, Suo et al. 

[132] improved the bonding strength of Mg coatings by preheating Al substrates 

to 100, 200 ºC. The adhesion strength improved from 3.3 ± 0.8 to 11.6 ± 0.5 MPa, 

respectively. In the same way, Xie et al. [133] evaluated the bonding strength of 
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SS 316L when preheating the substrate at room temperature, 400, 600, and 

700 ºC. It was found that adhesive strength increased with the increased 

substrate temperature with resulting values of 13.4, 31.0, 63.2, and 74.1 MPa, 

respectively. Ortiz-Fernandez and Jodoin [134] developed a hybrid additive 

manufacturing process that involved coupling the CS process with induction 

preheating of the substrate. In their work, pure Al was sprayed onto hard Ti6Al4V 

preheated substrates. The results exhibited that the DE and the coating thickness 

doubled with this deposition strategy in comparison with the traditional CS 

process. 

 To understand the effects of substrate temperature on the deposition 

mechanisms of the particles, it is essential to study the influence of temperature 

on particle-substrate interaction. Upon impact, the kinetic energy of the particles 

is converted into heat, facilitating the dislocation motion within the materials and 

increasing both substrate and particle deformation [23]. This thermal softening of 

the substrate promotes the formation of the metal jet necessary to fracture the 

oxide layer of the particles, promoting metallurgical bonding at the interface [131]. 

  As it has been established, the substrate preheating strategy has a great 

influence on the adhesion mechanisms and strength of various materials. 

However, no studies are found in the literature regarding the use of substrate 

preheating on specific applications, such as the repair or reconstruction of 

damaged high-strength materials.  

1.3.4.4 Masked CSAM 

The CSAM process is well known for its unique capability of fabricating 

components using a solid-state, bottom-up approach, ideally without the need for 

post-process machining. As a result, various deposition strategies have been 

developed to produce metallic parts with simple geometries. In addition to 

developing diverse robot path trajectories, another approach is the 

implementation of a mask, which enables the straightforward and efficient 

manufacturing of 3D patterned parts.  

The use of this approach in CS was first proposed in 2013 by Cormier et 

al. [87], who explored the viability of producing near-net-shaped pyramidal fin 

arrays using a steel wire mesh. This masked CSAM methodology involves 
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placing a mask between the nozzle and the substrate to selectively shield the 

deposition of the particles, as shown in Figure 1.19. The deposition pattern 

mirrors the inverse of the mask geometry, enabling the fabrication of 3D patterns. 

In this sense, the authors provided an initial insight into the fabrication of metallic 

parts with patterned geometries. 

Figure 1.19. CSAM masking process.

This study established a foundation for further research on masked CSAM 

technology [89,135–137] Dupuis et al. [89] modified the geometry of the 

pyramidal fin arrays with varying base angle by grinding, obtaining trapezoid fins 

with constant height. The results indicated that the overall performance of the fins 

was very similar, which indicated that grinding is an effective way to control the 

end quality of the parts. Furthermore, Klinkov et al. [135] examined the effects of 

the mask’s transverse size (0.3 – 1 mm) and its distance from the substrate. The 

results showed that for Al and Cu powders, the placement of the mask should be 

set as close as possible from the substrate, considering the intended coating 

thickness. Cormier et al. [136] explored the fabrication of pin fins of several 

materials such as pure Al, pure Ni, and stainless steel 304. Finally, to assess the 

properties of parts produced with this methodology for possible applications, 

Cormier et al. [137] evaluated the adhesion and thermal performance of Al alloy 

pin fins deposited on various bond coats. The authors concluded that the fin 

density, height, and substrate roughness did not affect the adhesion strength. 

Thus, the bonding strength between the deposit and the substrate remains 

unchanged regardless of the pin fins’ size and geometry. 

The CSAM masking methodology shows promising potential for producing 

patterned deposits with various geometries. Therefore, research exploring the 
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performance and potential applications of these CSAM components is highly 

encouraged.  

1.3.4.5 Shot-peening 

In the CS process, a feedstock powder is sprayed at supersonic velocities. 

It has already been mentioned that during the first layer, the sprayed particles are 

plastically deformed upon the impact with the substrate. With each additional 

layer, the particles impinge on the previously deposited particles, which induces 

a so-called tamping effect. This phenomenon, first described by Li et al. [138], 

refers to the compaction that occurs when new particles impact and compress 

the already deposited layers, generating a shot peening (SP) effect that densifies 

the microstructure of the sprayed deposit. Based on this behavior, a new CS 

deposition strategy emerged with the intention of reducing the overall porosity of 

the sprayed part.  

In-situ SP, also called in-situ micro-forging (MF) consist in mixing the 

feedstock powder with a large-sized powder (150 – 300 μm) that enables the 

tamping of the deposited particles and produces a dense deposit using moderate-

energy spraying process conditions of temperature and pressure, without the 

need of using expensive He gas [139,140]. However, the challenge that arises 

with the SP strategy is that the inclusion of the SP powder may be observed within 

the microstructure. In general, since these particles have a much larger size than 

the feedstock powder, their critical velocity is also greater, meaning that, under 

the optimized spraying conditions, these particles impact the surface and are 

rebounded. Luo et al. [141] introduced for the first time the mixing of large-sized 

stainless steel particles with Ti and Ti6Al4V feedstock powders to obtain dense 

deposits by SP. As mentioned before, these materials usually present some 

porosity within their microstructure when produced by CS due to a lack of particle 

deformation. The authors varied the volumetric SP proportion ranging from 0 to 

70 vol.% for the Ti and Ti6Al4V deposits, as shown in Figure 1.20, which 

decreased the porosity from 13.7% to 0.3% for Ti, and from 15.3% to 0.7% for 

Ti6Al4V. In the first case no SP particles were embedded in the deposit, while 

the last case only a ≤ 2.3 vol.% of SP particles where observed within the 

microstructure.  
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Figure 1.20. Cross-sectional microstructures of Ti and Ti6Al4V CS coatings with 
different proportions of the SP particles. Figure obtained from [141].

In a subsequent study, Luo et al. [139] investigated the effect of large-sized 

SS SP particles on the adhesion of Al sprayed onto a AZ31BMg substrate. It was 

observed that the SP particles greatly improved the plastic deformation of the 

feedstock powder in the interface substrate-deposit by generating a vortex-like 

material intermixing that promoted both mechanical interlocking and metallurgical 

bonding that resulted in an increased adhesion from 47.9 MPa to 107.2 MPa, 

when sprayed traditionally and with the SP strategy, respectively. These two 

studies showed that both the microstructure and the adhesion can be greatly 

improved by inducing this MF effect during the spraying process. Moreover, Wei 

et al. [142] were able to deposit three types of Al-based coatings; pure Al, 

AA2219, and AA6061, onto AZ21B magnesium alloy substrates with porosities 

as low as 0.34 ± 0.11%, 0.23 ± 0.09%, and 0.24 ± 0.08%, respectively. Based on 

these studies and the possibility of SP to enhance the microstructure and, 

consequently, the mechanical properties of various materials sprayed by CSAM, 

Liu et al. [140] developed a universal processing map for the SP spraying strategy 

applicable to commonly used metals in CSAM: pure Al and its alloys, pure Ti and 

its alloys, and pure Ni. These feedstock powders were mixed with the SP powder 

and sprayed under the conventional parameters for each material. The authors 

concluded that the SP effect is more pronounced when depositing soft metals, 

with the inclusion of the SP particles being more evident in these materials. 

Moreover, it was determined that the densification level of the SP particles 

depends on the energy input to the unit volume of the depositing materials. 
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Specifically, the microstructure of the sprayed material can only be densified 

when the energy input of the SP particles exceeds a certain threshold level.  

The SP deposition strategy offers a successful methodology to overcome 

the porosity limitations of conventional CSAM spraying methods. The peening 

effect enhances the microstructure of the final part and, subsequently, improves 

its final mechanical properties. Further studies related to the type of depositing 

materials, SP particle size, and spraying parameters are encouraged to obtain 

dense CSAM components without the need for post-processing steps. 

1.3.4.6 Laser Assisted Cold Spray 

Another deposition strategy that involves the incorporation of complementary 

equipment is the laser assisted cold spray (LACS). This method involves the 

combination of the CS process with an external laser that selectively heats the 

desired deposition area during spraying. The temperature of the particles 

increases further during impact due to the laser beam, still remaining below their 

melting point. Consequently, the particles undergo significant deformation upon 

impact with the substrate, due to both the kinetic and the thermal energies, 

resulting in an enhanced bond formation between them [10].  

Only a few studies are found in the literature that investigate the LACS 

deposition strategy [143–146]. In addition to the CSAM process variables, the 

quality of the 3D parts depends as well on the laser parameters (e.g. laser rate 

application) [143]. One particular advantage of LACS is that hard materials, which 

are usually difficult to spray with CSAM, can be successfully deposited; some 

examples include the work of Bray et al. [143], who obtained dense Ti coatings 

free of oxides with LACS; Nikbakht et al. [145], who were able to fabricate a 

250 μm thick CrMnCoFeNi high entropy alloy using N2 as the process gas; and 

Barton et al. [147], who sprayed AISI 4340 steel coatings and concluded that the 

high surface temperatures of the substrate induced by the laser improved the 

deposition efficiency of this material. 

The implementation of the laser during the spraying process broadens the 

range of materials that can be fabricated with CSAM and clearly densifies the 

microstructure due to the thermal energies supplied by the laser. Therefore, its 

investigation is encouraged to further develop the CSAM technology.  
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Overall, all these described deposition strategies represent the state-of-

the-art research in CSAM, enabling the further development of this technology 

and its implementation across a wide range of applications. Consequently, this 

thesis will be focused on investigating of some of the already mentioned 

deposition strategies with the objective of advancing CSAM as solid AM 

technology. The general and specific objectives of this work are described in 

detail in the following chapter.  
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Chapter 2: Scope of work 
 

This chapter outlines the scope of work and objectives for this thesis, which are 

established based on the knowledge gaps identified in the literature review in 

Chapter 1. 
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Chapter 2: Scope of work  

CSAM has demonstrated significant potential as an AM technology due to its 

ability to fabricate metallic parts in the solid-state with high deposition rates. 

However, as an emerging technology, CSAM still faces some challenges that 

must be addressed to reach its full potential.  

In this thesis, these challenges are categorized as follows: 

Challenge 1: Achieving precise control over the geometrical shape of damaged 

CSAM parts for their reconstruction to their original state. 

Challenge 2: Enhancing the mechanical properties of the CSAM parts to achieve 

comparability with bulk materials. 

Challenge 3: Addressing debonding between the deposit and substrate caused 

by excessive residual stresses in repair applications. 

Challenge 4: Enabling the deposition of high-strength materials that are difficult 

to process with CSAM.  

Challenge 5: Fabricating patterned CSAM parts with controlled topography for 

novel applications. 

To address these challenges, the following objectives are proposed: 

General objective: To investigate the CSAM process variables and deposition 

strategies for its further development and application as an additive 

manufacturing technology.  

Specific objectives: 

 O1: To optimize robot path trajectories for precise geometry control of 

CSAM reconstructed parts for repair applications. 

 O2: To evaluate the impact of heat treatments on the microstructure, 

adhesion, and final properties of CSAM parts. 

 O3: To study the influence of substrate preheating on the microstructure 

and bonding quality of high-strength materials sprayed by CSAM. 
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 O4: To design and evaluate the application of masks for the manufacture 

of patterned geometries in CSAM parts, focusing on their potential use in 

the energy sector. 

 

Objectives 1 and 2 are addressed in Chapter 4, objective 3 in Chapter 5, and 

objective 5 in Chapter 6.  

 



 
 

 

 

 

 

 

 

 

Chapter 3: Materials & Methods 
 

This chapter describes the materials and methods used in this thesis. It lists the 

feedstock materials and the CSAM process parameters utilized in this research. 

Additionally, it details the implemented CSAM deposition strategies, including 

robot path trajectories, heat treatments, substrate preheating and masking 

process. Finally, it describes in detail the methodology used throughout this thesis 

and explains the fundamentals of the experimental procedures for the CSAM 

parts characterization. 
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Chapter 3: Materials and Methods 

3.1 Raw materials 

The CSAM process is fed by raw materials in powder form. In this thesis, 

all powders used were bought from commercial companies dedicated to the 

fabrication of these feedstock powders; all the powder materials used in this work 

are included in Table 3.1, along with the data provided by their commercial 

manufacturer. These powders were selected based on their chemical 

composition, morphology, size distribution, and price; all of them characteristics 

that define their suitability for CSAM. 

Table 3.1. Feedstock powders. 

Material 
Commercial 

Name 
Manufacturer Morphology 

Particle size 
distribution 

Al Al 
Aluminum Industries 

(Hyderabad, India) 
Irregular -45 +15 

Cu Cu 
Safina  

(Vestec, Czech Republic) 
Spherical -53 +15 

Ti Cp-Ti grade 2 
AP&C  

(Boisbriand, QC, Canada) 
Spherical -44 +17 

Ti CNPC-Ti300 
CNPC  

(Shangai China) 
Irregular -53 +15 

Ti6Al4V 
Spherical APA 

Ti-6Al4V 

AP&C  

(Boisbriand, QC, Canada) 
Spherical -45 +15 

IN718 Diamalloy 1006 
Oerlikon  

(Westbury, NY, USA) 
Spherical -45 +11 

 

All the mentioned powders were sprayed onto various substrates of 

different materials and dimensions. These substrates, described in Table 3.2, 

were selected based on the objective of each research study. 
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Table 3.2. CSAM substrates. 

Material Substrate dimensions Surface finish 
Al 20 mm × 50 mm × 5 mm Grit-blasted 

Cu 20 mm × 50 mm × 5 mm Grit-blasted 

Ti 20 mm × 50 mm × 5 mm Grit-blasted 

Ti6Al4V 20 mm × 50 mm × 5 mm Grit-blasted 

Carbon Steel 
Various dimensions with constant 

1.5 mm thickness 
Grit-blasted 

Carbon Steel Diameter 25 mm discs Grit-blasted 

Inconel 718 Diameter 25 mm discs Polished 

 

3.2 CSAM equipment and process parameters 

A high-pressure CS Plasma Giken PCS-100 (Saitama, Japan) equipment, 

shown in Figure 3.1, was used for the fabrication of all samples throughout this 

thesis, using N2 as the working gas.  

 

Figure 3.1. High-pressure CS equipment Plasma Giken PCS-100. 

The specific CS operating process parameters and nozzle equipment used 

are detailed in Table 3.3. These parameters were chosen based on optimized 

values for the feedstock powder material found in the literature and the expertise 

of the CPT research group.  
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Table 3.3. CS operating process parameters and nozzle equipment. 

Material 
Pressure 

[MPa] 
Temperature 

[ºC] 
Standoff Distance 

[mm] 
Nozzle material 

Al 3.0 450 25 Polymer 

Cu 3.0 700 25 WC 

Ti 6.5 900 25 WC 

Ti6Al4V 6.5 1000 25 WC 

Inconel 718 6.5 1100 30 SiC 

 

3.3 CSAM deposition strategies 

3.3.1 Robot path trajectories 

Two robot path trajectories were used in this work. The Traditional (T) one, 

and the Metal Knitting (MK) deposition strategy developed by Vaz et al. [4]. The 

T toolpath involves spraying perpendicularly to the substrate, following a 

straightforward path from one side to the other with a constant scanning step that 

ensures that the deposit covers its entire surface. The MK toolpath involves 

spraying at a constant deflected angle while making circular movements. This 

approach maximizes DE at the edges of the deposit rather than at the center due 

to the circular movement. 

For each robot path trajectory, different CS robotic parameters were 

selected, including the spraying standoff distance, the traversal velocity of the 

robot, and the angle of deposition. For the T strategy, a traversal velocity of 

500 mm/s and an angle of 90º were selected, while for the MK strategy, 200 mm/s 

and a 20º nozzle deflection were used.  

3.3.2 Heat treatments 

To study the effects of the HT on the CSAM samples, the as-sprayed 

samples were subjected to an annealing post-process. The annealing was 

performed in a Carbolite GHA 12/450 (Hope, England) tubular furnace in an inert 

atmosphere. The parameters selected for the annealing of each material were 
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based on studies from the literature on the densification of each CS material. All 

samples were annealed for 4 h under an argon atmosphere and cooled down in 

the furnace until room temperature. Annealing temperatures were as follows: 

600 ºC for Cu, 400 ºC for Al, and 1000 ºC for Ti and Ti6Al4V. All annealed 

samples were labelled as -HT throughout this thesis.

3.3.3 Substrate preheating

The IN718 substrates were preheated using a hotplate Schott CERAN 500

(Jena, Germany); the hotplate’s setpoint temperature was maintained during the 

spraying. The temperature of the substrates before spraying was measured using 

an infrared thermometer FLIR TG56 (OR, USA), and the CSAM spraying process 

was initiated when the substrates reached preheating temperatures of room 

temperature (without preheating), 250 ºC, and 400 ºC.

3.3.4 CSAM masking process

The masked CSAM process was firstly proposed by Cormier et al. [5]. It 

involves selectively shielding the substrate from deposition using a laser-cut steel 

mesh mask with a pattern that mirrors the inverse of the geometry to be 

deposited. During spraying, the particles flow through the designated geometry 

and are deposited, forming a 3D pattern. 

In this thesis, masks with various patterns were used for the fabrication of 

Ti patterned parts: big squares (mesh with squared holes 3 x 3 mm), small 

squares (mesh with squared holes 1.5 x 1.5 mm), rows, and cylinders. In addition, 

the mask-substrate distance was systematically optimized to achieve

homogeneity and precise control of the geometry. This masking process is 

schematically shown in Figure 3.2.

Figure 3.2. CSAM masking process.
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3.4 Characterization techniques 

3.4.1 Feedstock powders characterization 

All feedstock powders were characterized in terms of particle size 

distribution, microstructural characteristics, morphology, and chemical 

composition to verify these characteristics against those provided by the supplier. 

All these characteristics determine in great part the CSAM parameters for 

obtaining a quality part. 

3.4.1.1 Particle size distribution 

The particle size distribution was analyzed in triplicate with a dry mode 

Laser Scattering (LS) technique using a particle sizing analyzer LS 13 320 Model 

Dry Powder System (CA, USA) according to standard ASTM B822-02 [1]. The 

laser scattering (LS) test involves passing light through a dry powder module and 

measuring the resulting scattered light intensity to produce a pattern. In this 

pattern, larger particles scatter light at smaller angles, while smaller particles 

scatter light at larger angles. The particle size distribution, expressed as volume, 

is then calculated from the resulting light distribution pattern. 

3.4.1.2 Microstructural characteristics 

To observe the microstructural characteristics, the feedstock powders 

were hot mounted in conductor Bakelite, and grinded and polished following the 

metallographic preparation ASTM E1920-03 [2] and ASTM E3-11 [3] standards. 

The cross-section of the powders was observed in a Thermo Fisher Phenom 

ProX Desktop (Eindhoven, the Netherlands) or JEOL 5310 (Tokyo, Japan) 

scanning electron microscope (SEM). The scanning electron microscope (SEM) 

generates a beam of electrons from a filament, which is focused onto the surface 

of the sample. As the electron beam scans the surface, it interacts with the 

sample's atoms, producing various signals that are detected by multiple 

detectors. The most commonly used detectors are the secondary electron 

detector (SED), which provides topographic information, and the backscattered 

electron detector (BSD), which is used for surface composition imaging. 

Additionally, elemental microanalysis of the surface composition can be 

performed using energy dispersive X-ray spectroscopy (EDS) detectors.  
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The elemental microanalysis of the powders to analyze the chemical 

composition of the powders was carried out with a Quantax energy dispersive 

spectroscopy (EDS) Bruker Nano (MA, USA) integrated into a SEM JEOL 5310 

(Tokyo, Japan). 

3.4.1.3 Morphology 

The morphology of all powders was observed using a Thermo Fisher 

Phenom ProX Desktop (Eindhoven, the Netherlands) or JEOL 5310 (Tokyo, 

Japan) scanning electron microscope (SEM).  

3.4.2 CSAM parts characterization 

The CSAM parts were characterized by various techniques to evaluate 

their chemical composition, microstructural characteristics, mechanical 

properties, adhesion strength and mechanisms, erosive and abrasive wear 

resistance, electrochemical behavior, and interfacial contact resistance. 

3.4.2.1 Metallographic preparation 

The metallographic preparation of the cross-section of the samples was 

completed following the ASTM E1920-03 standard [2] to reveal their 

microstructure. All samples were cut, mounted, grinded, and polished using 

Struers Minitom (Copenhagen, Denmark), Struers CitoPress-1 (Copenhagen, 

Denmark), and Struers TegraPol-11 (Copenhagen, Denmark) equipment, 

respectively.  

To reveal the microstructure, the polished samples were etched in specific 

solutions based on their material composition. The Cu samples were etched in a 

reagent composed of 30 ml HCl, 10 g FeCl3, and 120 ml distilled water. The Al 

samples were etched with Keller’s reagent. The Ti and Ti6Al4V samples using 

Kroll’s reagent. The IN718 samples were etched in a reagent composed of 5 ml 

HF, 5 ml HNO3, 5 ml H2O2, 10 ml HCl, and 5 ml distilled water. 

3.4.2.2 Microstructural evaluation 

The microstructural characteristics of the polished and etched samples 

was observed with the optical microscope (OM) Leica DMI5000M (Wetzlar, 

Germany) or with the Keyence VK-X series (Osaka, Japan) laser microscope. 
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The etched microstructure of the samples was observed in a Thermo Fisher 

Phenom ProX Desktop (Eindhoven, the Netherlands) or JEOL 5310 (Tokyo, 

Japan). 

The mean porosity was calculated using image analysis software 

ImageJ (v. 153e) according to the standard ASTM E2109-01 from 3 

cross-sectional OM images at 20x magnification [6]. 

The flattening ratio (FR), which is defined as a measurement of particle 

deformability, was calculated according to Equation (3.1), where w = width and 

h = height of the sprayed particles observed in the etched cross-sectional surface 

of the deposit [7]. The width was considered the widest part of the particle, 

indistinctive of the impact direction.  

Equation 3.1 

 

To evaluate the chemical composition of the samples, an elemental 

mapping was obtained with EDS detector GATAN MONO-CL4 (CA, USA) 

attached to a FESEM JEOL J-7100 (Tokyo, Japan).  

3.4.2.3 Crystal structure characterization 

To evaluate the phase changes during the CSAM process, XRD patterns 

were measured using equipment PANalytical X’Pert PRO MPD (Malvern, UK). 

The XRD technique gives detailed information about the crystallographic 

structure and chemical composition of a material by irradiating the sample with 

X-rays and measuring the diffracted rays by the crystals in the material, resulting 

in patterns with various intensities.  

The evaluation of IN718 was done with a Ni filtered Kα radiation 

(λ = 1.5418 Å) from 5 to 100º 2θ with a step size of 0.026º and measuring time of 

100 s.  

3.4.2.4 Superficial roughness 

A Mitutoyo SJ-210 (Kawasaki, Japan) profilometer was used to measure 

the superficial roughness of the samples. The average Ra and Rz values were 

recorded from ten measurements. 
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3.4.2.5 Topography

To evaluate the dimensions and superficial characteristics of the CSAM

patterned parts, the profilometry of the samples, along with their 3D topography 

was measured with confocal microscope Sensofar Plu2300 (Catalonia, Spain).

Confocal microscopy works by focusing laser light on a specific point within the 

sample, causing fluorescence to occur precisely at the focal point. The sample is 

scanned in a raster pattern, producing images of individual optical planes. These 

planes are then stacked using deconvolution software to generate a 3D image of 

the sample's surface.

3.4.2.6 Microhardness

The Vickers microhardness was obtained from a mean value of ten indents 

for each sample in accordance with ASTM E384-22 standard [8], with a 

0.3 kgf (HV0.3) using a Shimadzu HV-2/HMV-2T (Tokyo, Japan) equipment.

3.4.2.7 Tensile strength tests

Tensile strength tests were performed with tensile test equipment 

SERVOSIS MCH-102ME (Madrid, Spain) to evaluate the adhesive strength 

deposit-substrate of the reconstructed thin wall parts (Cu, Al, Ti, and Ti6Al4V) 

fabricated with the MK deposition strategy. To do so, three samples of each 

component (Figure 3.3) were tested at a rate of 0.01 mm/s until failure, which was 

observed with a JEOL 5310 (Tokyo, Japan) SEM.

Figure 3.3. Tensile test specimens for adhesion strength testing.

3.4.2.8 Adhesion tests

The adhesion strength of the Ti and IN718 CSAM samples was measured 

using the tensile test equipment SERVOSIS MCH-102ME (Madrid, Spain)

according to the ASTM C633-13 [9] standard, which is based on a tensile test 

essay. The coated samples were adhered to a grit-blasted counterpart using an 
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HTK Ultrabond 100 (Hamburg, Germany) epoxy resin adhesive cured at 180 ºC. 

Three samples of each material were tested at a rate of 0.01 mm/s until cohesive, 

adhesive or glue failure occurred, as shown in Figure 3.4.

Figure 3.4. Adhesion test (left) test components scheme (right) types of failure.

To observe the adhesion mechanisms at the different preheating 

temperatures, single impact particle splats were sprayed with the optimized CS 

process parameters included in Table 3.3, sprayed with a traversal velocity of 

1000 mm/s. A Thermo Fisher Phenom ProX Desktop (Eindhoven, the 

Netherlands) SEM was used to observe the sprayed single particles and their 

impact on the substrate.

3.4.2.9 Erosive wear resistance

The resistance to erosion of the MK HT samples was evaluated in 

accordance with standard ASTM G76-04 [10]. Erosion is defined as the 

progressive loss of material caused by the impingement of a fluid or solid particles 

onto its surface. In this test, alumina particles with a diameter of 50 μm, were 

propelled at a constant feed rate towards the surface of the samples at a 

perpendicular angle to calculate the average erosion value (mm3/g) by dividing 

the erosion rate (slope of the mass loss of the sample over time) by the abrasive 

flow rate and the density of the material. To compare the behavior of the CSAM 

parts with the bulk material, this erosion test was also conducted on the 

substrates. In addition, the failure mechanism of the tested samples was 

observed with a JEOL 5310 (Tokyo, Japan) SEM.
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3.4.2.10 Abrasive wear resistance

The resistance to abrasive wear was calculated using the Rubber Wheel 

method following the standard ASTM G65-16e1 [11] with homemade equipment 

CM4 OL-2000 (Barcelona, Spain) shown in Figure 3.5.

Figure 3.5. Rubber Wheel equipment components.

Abrasive wear is defined as the damage a solid surface suffers due to the 

process of rubbing against protuberances or hard particles. In this method, the 

CS part is placed in a sample holder that is pressed with a specified force against 

a rotating rubber wheel, while an abrasive agent flows between the wheel and 

the sample. The test was performed at a velocity of 139 rpm with a force of 20 N, 

a wheel diameter of 22.9 cm, and Adicat silica sand (Barcelona, Spain) as an 

abrasive agent. The abrasive wear [mm3/Nm] was calculated by dividing the 

change in the specimen’s volume (ΔV) by the product of the applied force (F) and 

the total distance covered by the wheel (d) at a specific time, as described by 

Equation 3.2.

Equation 3.2
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3.4.2.11 Electrochemical behavior 

The corrosion resistance of sprayed materials was tested by subjecting a 

1 cm2 sample to electrochemical measurements under similar conditions to those 

experimented in the anodic side of an operating PEM electrolyzer.  

To assess the corrosion behavior, polarization curves were recorded using 

a BioLogic VSP potentiometer (Grenoble, France). The experiments were 

performed in a 0.5 M H2SO4 solution with oxygen saturation. A Metrohm (Madrid, 

Spain) double bridge Ag/AgCl reference electrode was positioned in close 

proximity to the CSAM sample, which served as the working electrode; a platinum 

rod was used as the counter electrode, as illustrated in Figure 3.6.  

 

Figure 3.6. Resistance to corrosion test setup: (1) reference electrode, (2) working 
electrode, (3) counter electrode, (4) oxygen supply. 

The polarization curves were generated by varying the potential from -100 

to 2400 mV compared to the open circuit potential (EOCP). Subsequently, Tafel fit 

extrapolation method was evaluated with EC-Lab software (V10.44) to determine 

Ecorr (corrosion potential) and Icorr (corrosion current). These potentials were 

chosen to show the corrosion properties of both powders within the potential 

range of an operating PEM electrolyzer. The corrosion rate (CR), expressed in 

mm/yr, was calculated based on Equation 3.3. 

Equation 3.3 
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Where Icorr is the corrosion current in μA/cm2, EW the equivalent weight of 

the material, and d the density of the material. 

To assess the stability of the materials, they were immersed in a 0.5 M 

H2SO4 solution and subjected to a constant potential of 2 V for 100 h. The Ecorr 

and Icorr were measured both before and after the stabilization test. Subsequently, 

all samples evaluated after the stability test are referred to as "post-mortem" 

samples. 

3.4.2.12 Interfacial contact resistance 

To evaluate the interfacial contact resistance (ICR) the Ti powders were 

cold-sprayed onto both sides of a 9 cm2 steel substrate with 1 mm of thickness. 

The sprayed samples were subsequently grinded on both sides with a 120 SiC 

paper until 1 mm of Ti coating remained on each side. To determine the interfacial 

contact resistance (ICR), the approach proposed by Wang et al. [12], based on 

the Davies' method [13], was employed. In this method, the total resistance is 

measured in two setups: first, the evaluated sample is sandwiched between two 

pieces of Toray conductive carbon paper and two copper plates, and second, 

only one piece of Toray paper is inserted between the copper plates, as shown 

in Figure 3.7. A current of 1 A is fed between both copper plates, and the total 

voltage drop is measured while the compaction force is increased. The total 

resistance R of each setup at each compaction force is calculated using Ohm's 

law (Equation 3.4). 

Equation 3.4 

 

Where V is the voltage drop across the Cu plates, As the sample’s surface 

area, and I the applied current. The final ICR, which consists on the resistance at 

the interface of the sample and the Toray carbon papers, is calculated by 

subtracting the total resistance of the first setup by the second setup at each 

compaction force (Figure 3.7). 
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Figure 3.7. ICR test setups.

A compaction force ranging from 0.25 to 2 kN/cm2 was applied using the 

SERVOSIS ME 402-10 equipment (Madrid, Spain). The ICR setup consisted of 

two polished Cu bulk plates, two Themo Fisher Toray carbon paper sheets 

(Eindhoven, the Netherlands), and the CSAM Ti sample, as shown in Figure 3.8.

Figure 3.8. Interfacial contact resistance setup.

For each compaction force, a current of 1 A was passed (between the 

copper plates) using the Velleman DC power supply LABPS1503 (Gavere, 

Belgium). The voltage drop across the system was measured using a Keysight 

HP 3458A (CA, USA) multimeter and calculated employing Ohm's law.

The ICR was measured before and after the post-mortem experiment.
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Chapter 4: Results & Discussion 
 

Geometry and Microstructure Control of 
Remanufactured Metallic Parts by Cold Spray 
Additive Manufacturing  

In this chapter, Cu, Al, Ti, and Ti6Al4V substrates were reconstructed by two CSAM robot 

path trajectories: a traditional (T) toolpath, and a novel strategy called Metal Knitting 

(MK). The final geometry, microstructure, and mechanical properties of the reconstructed 

parts were assessed and compared. In addition, the effects of annealing on the 

components’ microstructure and its influence on adhesion, resistance to erosion, and 

abrasive wear were evaluated. The results indicated that MK is a successful toolpath for 

the fabrication of thin-straight walls with controlled geometry. In addition, the annealing 

HT effectively reduced the microstructure defects of the remanufactured parts and 

improved the adhesive strength from 26 ± 2 MPa to 43 ± 4 MPa for Cu, 25 ± 7 MPa to 

114 ± 7 MPa for Ti, and 9 ± 3 MPa to 160 ± 20 MPa for Ti6Al4V. The abrasive and 

erosive resistance of the MK-Cu HT and MK-Al HT parts resulted equivalent to their bulk 

counterparts, suggesting that the MK toolpath followed by annealing HT is an efficient 

method for the reconstruction of Cu and Al damaged parts. 
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Chapter 4: Geometry and Microstructure Control of 
Remanufactured Metallic Parts by Cold Spray Additive 
Manufacturing 

4.1 Introduction 

Included among the novel AM technologies by the ASTM F42—Additive 

Manufacturing Committee [1], Cold Spray (CS) is a process that can overcome 

some limitations of the most established metal AM technologies: Selective Laser 

Melting (SLM), Laser Metal Deposition (LMD), and Electron Beam Melting (EBM). 

These methods consist of melting the feedstock material by a focused heat 

source (either a laser or an electron beam), which is solidified to form an object 

[2]. In some cases, these heat-focused methods may produce defects within the 

microstructure, such as undesired phase changes, oxidation, and the formation 

of residual stresses [3]. 

CS is based on accelerating a powder feedstock through a 

convergent−divergent de Laval nozzle with a preheated, compressed, supersonic 

gas (N2 or H2) to supersonic velocities. When the accelerated powder is sprayed 

into a substrate with enough kinetic energy (surpassing what is called the critical 

velocity), plastic deformation occurs at the point of impact, promoting the 

formation of a well-bonded coating [4]. 

In recent years, many researchers in academy and industry have made 

great efforts in exploring the potential of CS as an additive manufacturing (AM) 

process [3,5–9]. Cold Spray Additive Manufacturing (CSAM) is an emerging 

technology that offers some advantages compared to other AM methods, 

including high deposition rates, deposition of temperature-sensitive materials, 

and minimization of tensile residual stresses [10]. However, CSAM is still 

restricted to those applications in which an accurate control of strict tolerances is 

not mandatory due to its inherent limitation in geometrical control. In addition, 

some studies have shown that the as-sprayed CSAM components may present 

intrinsic defects, including rough surfaces and micropores that cause poor 

cohesion between particles as a result of a lack of particle deformation during the 

spraying process. 
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Thus, the investigation of critical deposition strategies such as new robot 

path trajectories and the optimization of the process parameters to improve the 

geometrical accuracy of the CS parts, along with the implementation of 

post-processes (e.g. heat treatments (HT), or machining) to minimize the defects 

within the microstructure is considered a key point for the further development of 

CS as an AM technology [11–13].

Traditionally, CS coatings are sprayed perpendicularly towards the 

substrate, following a straightforward path from one side to the other with a 

specific step, as shown in Figure 4.1. Spraying at a constant angle of 90° 

enhances the velocity component of the impacting particles. When this impact 

velocity exceeds the critical velocity, the bonding between the particles and the 

substrate occurs, leading to the particles’ deposition [12]. However, with this 

deposition strategy, the geometrical control over the shape of the as-sprayed 

parts is limited by the inherent velocity distribution of the particles when they exit 

the nozzle. In this sense, the velocity profile of the particles in the impinging jet 

spot is not homogeneous; the particles in the center of the spot achieve greater 

velocities than the ones at the periphery, causing a higher deposition of particles 

in the core [14,15], which causes the deposits to grow with an uncontrolled 

pyramidal shape.

Figure 4.1. Traditional CS robot path trajectory. Figure obtained from [16].

To assess this geometrical limitation and obtain CSAM deposits with a 

controlled shape, robotic parameters such as spraying angle, scanning step, 

standoff distance and traversal velocity need to be optimized. Recently, several 
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studies have focused on the development of new robot path trajectories by 

investigating the impact of these parameters on the characteristics of CSAM 

deposits. The first approach for the fabrication of CSAM free-standing 

components with controlled shape was proposed by Pattison et al. [17]. In this 

work, the authors investigated a triangular-tessellation strategy that consisted on 

tilting the nozzle and spraying into the inclined face of the deposit formed in the 

initial layer. This strategy was developed with the intention to obtain deposits with 

a vertical wall without the need of edge milling post-processes. However, for this 

approach to be effective, a pyramid-shape deposit needs to be deposited before 

the subsequent layers with the inclined nozzle, causing an overall reduction in 

the deposition efficiency of the process. Subsequently, Wu et al. [18] introduced 

another building strategy to form complex 3D shapes layer-by-layer. The authors 

focused on optimizing three key robotic parameters to avoid the generation of the 

pyramid-shape deposits: the deflection angle, the scanning step, and the retreat 

distance of the nozzle. In particular, this strategy compensates the thickness 

difference at the edges of the deposit by spraying a layer at a deflection angle, 

resulting in the obtention of thick deposits with straight walls.

Recently, another alternative for the fabrication of straight wall CSAM 

deposits was developed by Vaz et al. [16] This deposition strategy, called Metal 

Knitting (MK), consists in spraying at a constant deflected angle making circular 

movements that maximize the deposition efficiency on the edges of the deposit, 

allowing the manufacturing of deposits with straight walls, as shown in Figure 4.2.

Figure 4.2. Knitting strategy scheme. (1) Cold Spray gun, (2) virtual cone path, (3) 
substrate, (4) radius, (5) deflection angle. Figure obtained from [16].

Nevertheless, spraying at a deflected angle increases the generation of 

intrinsic defects within the microstructure of the deposits, such as micropores and 

interparticle boundaries. Therefore, the implementation of heat treatments (HT) 



101 
 

for the densification of the CSAM parts’ microstructure is imperative. In this 

context, annealing has been proven to be an efficient HT method to tailor the 

microstructure, enhance adhesion strength, and improve the final mechanical 

properties of various metallic materials fabricated by CSAM, including Cu [19], Al 

and its alloys [20,21], Ti and its alloys [22,23], stainless steel [24] and Ni alloys 

[25,26]. Huang et al. [11] studied the effects of annealing on the porosity and 

mechanical properties of four typical materials used in CSAM: Al, Cu, Ti, and 

stainless steel 316L. Their findings indicated that annealing improved the 

microstructure and greatly enhanced their mechanical properties of the studied 

materials.  

These works are focused on the development of free-form building 

strategies and microstructure enhancement for CSAM technology. However, not 

many studies have considered a deposition strategy for the repair or 

remanufacture of a component in which the final geometry is restricted to the 

original state of the specimen; for instance, thin-walled components. In this 

sense, the MK strategy enables the reconstruction of thin-wall deposits at high 

deposition rates with a geometrical control of the deposits with a resolution falling 

within the range of millimeters. Thus, the aim of this study is to assess the 

microstructure and final shape of reconstructed Cu, Al, Ti, and Ti6Al4V substrates 

fabricated with the new MK CSAM deposition strategy and compare their final 

geometry, microstructure, and mechanical properties with the traditional (T) 

toolpath. Furthermore, the effect of annealing on the microstructure and 

performance of the deposits was evaluated in terms of adhesion strength and 

resistance to erosion and abrasive wear. 

4.2 Materials and Methods 

4.2.1 Feedstock Powder Characterization  

Commercial irregular and spherical powders, Al (Aluminum Industries Pvt 

Ltd., Hyderabad, India), Ti (CNPC Powder, Shanghai, China), Cu (SAFINA A.S., 

Vestec, Czech Republic), and Ti6Al4V (AP&C Powders Metallurgy, Montreal, 

Canada), respectively, were sprayed with Plasma Giken PCS100 (Saitana, 

Japan) equipment.  
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The powder size distribution was analyzed with a laser diffraction particle 

sizing analyzer LS 13 320 Model Dry Powder System (CA, USA) while particle 

morphology was observed in a Phenom ProX Desktop SEM (Eindhoven, The 

Netherlands). 

4.2.2 CSAM Spraying Parameters 

All powders were sprayed with the Metal Knitting (MK) and traditional (T) 

methods using the optimized spraying parameters of each material included in 

Table 4.1. 

Table 4.1. CSAM process parameters. 

Feedstock 
Powder 

Pressure 
(MPa) 

Temperature 
 (°C) 

Standoff 
Distance  

(mm) 

Deposition 
Strategy Label 

Cu 3.0 700 30 Metal Knitting: 

MK Al 3.0 450 30 

Ti 6.0 900 25 Traditional: 

T Ti6Al4V 6.5 1000 25 

 

All samples were deposited on the grit-blasted thin face (50 mm × 5 mm) 

of 20 mm × 50 mm × 5 mm substrates of the same material as the sprayed 

powder (Cu, Al, Ti, or Ti6Al4V).  

4.2.3 Heat Treatment of CSAM Deposits 

All samples were annealed for 4 h in a tubular Carbolite Gero (Hope, 

England) furnace under an argon atmosphere and cooled down in the furnace 

until room temperature. Annealing temperatures were as follows: 600 ºC for Cu, 

400 ºC for Al, and 1000 ºC for Ti and Ti6Al4V. 

4.2.4 Characterization and Mechanical Properties 

The metallographic preparation of all components was completed 

according to the standard ASTM E1920-03(2014) [27]. The cross-sectional 

surface of the polished samples was analyzed with the optical microscope (OM) 

Leica DMI5000M (Wetzlar, Germany). The software ImageJ (version 1.53e) was 

used to calculate the mean porosity value according to the standard ASTM 

E2109-01(2014) [28]. The Vickers microhardness was tested following the 
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standard ASTM E384-22 [29] with a force of 0.2 and 1 kgf with Shimadzu HV-

2/HMV-2T (Tokyo, Japan) equipment. The flattening ratio (FR) was calculated 

according to Equation 4.1.

Equation 4.1

Tensile strength tests were performed with tensile test equipment 

SERVOSIS MCH-102ME (Madrid, Spain) to evaluate the adhesive strength 

deposit-substrate of the reconstructed thin wall parts (Cu, Al, Ti, and Ti6Al4V) 

fabricated with the MK deposition strategy. To do so, three samples of each 

component (Figure 4.3) were tested at a rate of 0.01 mm/s until failure, which was 

observed with a JEOL 5310 (Tokyo, Japan) SEM.

Figure 4.3. Tensile test specimens for adhesion strength testing

4.2.5 Resistance to Erosion and Abrasive Wear

The resistance to erosion of the thermally treated MK samples was tested 

following the standard ASTM G76-04 [30]. Alumina particles with a diameter of 

50 μm, were propelled at a constant feed rate towards the surface of the samples 

at a perpendicular angle. To compare the behavior of the CSAM parts with the 

bulk material, this erosion test was also conducted on the substrates. In addition, 

the failure mechanism of the tested samples was observed with a JEOL 5310 

(Tokyo, Japan) SEM.

The resistance to abrasive wear was calculated using the Rubber Wheel 

method following the standard ASTM G65-16e1 [31] with homemade equipment 

CM4 OL-2000 (Barcelona, Spain). The test was performed at a velocity of 139 

rpm with a force of 20 N, a wheel diameter of 22.9 cm, and Adicat silica sand 

(Barcelona, Spain) as an abrasive agent.
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4.3 Results and Discussion

4.3.1 Feedstock Powder Characterization

In CS, the feedstock characteristics such as material, shape, and size 

distribution determine in great part the spraying parameters needed to obtain an 

optimal microstructure of the produced part. Table 4.2 and Figure 4.4 show the 

mean particle size, as well as SEM micrographs and size distribution curves of 

the powders. 

Table 4.2. Feedstock powder characteristics

Powder Shape Mean Particle Size (μm) d10 (μm) d90 (μm)
Cu Spherical 29.7 ± 2.9 18.7 ± 2.6 43.2 ± 5.2

Al Irregular 54.8 ± 4.5 19.4 ± 1.2 97.3 ± 4.9

Ti Irregular 40.1 ± 2.8 9.7 ± 0.8 89.5 ± 6.4

Ti6Al4V Spherical 30.7 ± 3.1 13.2 ± 8.6 45.2 ± 0.4

Figure 4.4. SEM micrographs of the sprayed powders and particle size distribution 
graphs

These results show that all powders exhibited a size distribution with a 

mean particle size between 30 μm and 55 μm. Both irregular and spherical 

powders were selected; being Cu and Ti6Al4V spherical, while Al and Ti irregular. 

As pointed out by Vaz et al. [32] the characteristics of the deposits are influenced 

more by the nature of the material than by powder morphology. The selection of 

irregular and spherical powders allows to evaluate the influence of the powders’ 
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morphology in the properties of the deposits when the robot path trajectory is 

adapted to a non-normal angle. 

4.3.2 Geometry Analysis of the Reconstructed Metallic Parts 

To investigate the possibility of reconstructing straight walls or 

remanufacturing components in which the final geometry is restricted to the 

original state of the specimen, Cu, Al, Ti, and Ti6Al4V powders were sprayed by 

T and MK toolpaths onto the thin face of substrates made from the same 

materials. The resulting parts fabricated using both methods are shown in 

Figure 4.5. The T samples were only able to achieve a short height without 

starting to generate an inclination in the sidewalls, producing a pyramid-shape 

deposit with an angle that varied depending on the material. This pyramid-shape 

behavior is intrinsic of the CSAM technology and is attributed to the velocity 

profiles of the particles as they exit the nozzle during spraying. Particles in the 

core of the jet spot tend to reach higher velocities, promoting a higher deposition 

in the center compared to the periphery [17]. This height limitation and wall 

inclination represents a restriction for the T deposition strategy of the CSAM 

technology in applications such as the remanufacture of damaged structures.  

Moreover, the T-Cu sample was surprisingly poorly adhered and detached 

from the substrate. After spraying, a clear crack appeared at the 

deposit−substrate interface that ended up with the built wall easily separated. 

Copper is known for being a good material for CS technology due to its high 

plastic deformability; nonetheless, this issue might have been associated with 

excess residual stresses accumulated in the deposit−substrate interface when a 

high copper thickness with a specific/required geometry is intended to be 

deposited by CS [8]. This result clearly indicates that, for some materials, the 

possibility of reconstructing straight wall geometries with conventional strategies 

is completely restricted and justifies the need to study new CSAM deposition 

strategies. Therefore, new deposition robot path trajectories that involve the 

deflection of the nozzle are under development; since each material has its own 

inclination angle, a profile study for every material is necessary when using this 

strategy.  
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Figure 4.5. Images of the as-sprayed samples produced by (a,c) T and (b,d) MK 
strategies.

Furthermore, the MK toolpath allowed the samples to grow vertically 

without an apparent height limitation, producing straight walls without cracks or 

delamination neither in the deposited section nor in the interface between the part 

and the substrate. In this sense, with MK, the deflection of the particle impact 

angle with the surface lead to a reduction of accumulated residual stresses in the 

interface, which allowed to obtain well-bonded thick deposits. The typical 

inclination of the T strategy was not observed in the MK samples because the 

nozzle was moved in a circular way, which hindered the effects of the velocity 

differences in the jet spot and promoted a more homogeneous deposition of the 

particles. Furthermore, the MK method overcame the limitations of the T strategy 

enabling a more accurate control of the shape of the deposits. Despite of these 

advances for CSAM, the samples exhibited a rough finish, and their shape still 

deviated from the precision required for most final applications and the 

components had to be subjected to post-machining processes, as shown in 

Figure 4.6. In this Figure, it can be observed that the samples were well-bonded 

at the interface and that an almost identical part was reconstructed on top of the 

thin wall of the substrate, suggesting that MK is a successful approach for 

controlling the geometry for reconstructing damaged parts with CSAM.
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Figure 4.6. Post-machined Metal Knitting samples.

4.3.3 Microstructure Characterization and Physical Properties of the CS 
Deposits 

Along with the component’s geometry, the study of the microstructure 

characteristics is very important to understand further the effects that the spraying 

strategies may have on the final properties of the deposits. To investigate this, 

the polished and etched cross-section of the T and MK samples were observed 

by optical microscopy. The surface characteristics and particle boundaries of the 

as-sprayed samples produced by both strategies are shown in Figure 4.7, while

the flattening ratio of the particles along with the porosity and microhardness 

results are shown in Table 4.3. For a good comparison of results, the evaluation 

of the T-Cu sample was done in the detached copper deposit. 

Figure 4.7. Polished and etched cross-section OM images of T (top) and MK (bottom) 
samples. Arrows indicate the spraying direction.
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Table 4.3. Microstructural characterization of the T and MK as-sprayed samples 

Material 
Traditional Metal Knitting 

Flattening 
Ratio 

Porosity 
(%) 

Microhardness 
(HV0.2) 

Flattening 
Ratio 

Porosity 
(%) 

Microhardness 
(HV0.2) 

Cu 2.2 ± 0.8 3 ± 2 91 ± 7 2.3 ± 0.6 6 ± 2 88 ± 10 

Al 2.4 ± 1.0 3 ± 1 49 ± 8 2.7 ± 0.7 10 ± 4 50 ± 3 

Ti 1.8 ± 0.5 7 ± 3 262 ± 43 1.7 ± 0.3 12 ± 3 199 ± 22 

Ti6Al4V 1.3 ± 0.4 14 ± 4 236 ± 32 1.2 ± 0.3 21 ± 5 229 ± 31 

 

In general, all fabricated deposits with the T toolpath exhibited a dense 

microstructure, with the exception of T-Ti6Al4V, which showed a porous 

microstructure with a value of 14 ± 4%. T-Cu, T-Al and T-Ti showed the common 

lamellae microstructure of CS deposits composed of plastically deformed 

particles with resulting porosity values of 3 ± 2%, 3 ± 1%, and 7 ± 3%, 

respectively. No effect from the powder morphology in the microstructure or the 

degree of plastic deformation was observed, as the irregular particles, Al and Ti, 

were well-packed.  

In the case of T-Ti6Al4V, the particles were barely deformed, with a 

flattening ratio of 1.3 ± 0.4, mostly maintaining their original shape, which resulted 

in high porosity despite the previously optimized spraying parameters. However, 

this alloy is difficult to deposit by CS because of its low plastic deformability and 

high critical velocity needed for deposition (above 1000 m/s), sometimes not 

achievable with commercial CS equipment [33,34]. Therefore, many studies have 

reported Ti alloys with high porosity [35–37]. Li et al. [35] have collected porosity 

values of CS Ti and Ti alloy of several works, resulting in porosity values that 

range from <1% up to 20%, depending on spraying parameters such as gas 

temperature, pressure, or propulsive process gas.  

In contrast to the T strategy, the MK method enabled the fabrication of 

well-bonded deposits of all the tested materials, including Cu. The etched images 

exhibited in Figure 4.7 clearly demonstrate the modification of the impact angle 

of the particles, as these appeared deformed consistent with the spraying 

direction. Due to the deflection of the spraying angle to values lower than 90° 

throughout the entire MK process, the MK deposits exhibited higher porosity and 
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interparticle voids compared to the deposits generated by the T strategy. 

However, this porosity appeared to be homogeneous, and no clear cracks or lines 

of continuous porosity were observed in the microstructure of the deposits. When 

comparing the T- and MK-Ti6Al4V deposits, a similar flattening ratio was found, 

but a much higher porosity resulted with the MK method (14 ± 4% vs. 21 ± 5%, 

respectively), indicating that the modification of the spraying angle caused 

insufficient deformation at impact but the tampering effect of the subsequent 

impacting particles was greater in the case of the T strategy. 

As expected, the deposits sprayed with the MK toolpath exhibited more 

porous microstructures compared to those produced with the T strategy. 

However, the MK trajectory allowed for the reconstruction of parts without a 

thickness limit, while maintaining geometrical control to produce straight walls. 

4.3.4 Effect of Heat Treatment on the Microstructure of CSAM Deposits 

It has been observed that CSAM as-sprayed deposits can exhibit 

mechanical properties that are less favorable compared to bulk materials, 

including reduced strength, ductility, electrical and thermal conductivity, as well 

as wear resistance [3]. This is particularly true when spraying at an angle different 

than normal, as it is the case of the MK samples.  

Several studies related to the enhancement of the microstructure of the 

CS deposits with different types of HT, e.g. annealing or hot isostatic pressing 

(HIP), are found in the literature [11,23,26]. In this sense, the MK samples were 

subjected to an annealing process to densify their microstructure and improve 

their final properties. Only the sprayed parts by MK were subjected to annealing, 

as these samples could be deposited without height limitations, and allowed the 

successful deposition of all of metals under study in this work. Although HIP is a 

well-known method in the aerospace industry to reduce porosity, annealing was 

the selected HT because it is simpler and a more cost-effective method. This is 

supported by the work of Pérez-Andrade et al. [26], who evaluated the 

microstructural characteristics of IN718 subjected to HIP-treatment. The authors 

concluded that annealing was enough to obtain samples with porosities below 

1%, and HIP-treatment is not essential in CSAM. 
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The temperature and dwell time used for the annealing process of each 

material are detailed in the Materials and Methods section. Figure 4.8 shows OM 

and SEM micrographs of the polished HT MK samples, while their microstructural 

properties are presented in Table 4.4.

Figure 4.8. Polished and etched cross-section images (OM and SEM) of MK HT 
samples.

The OM images in Figure 4.8 show a clear densification of the 

microstructure of the MK deposits when compared with the microstructures of 

their as-sprayed counterparts exhibited in Figure 4.7. In this sense, some 

differences between as-sprayed and HT samples are noteworthy. Firstly, it is 

clearly seen that the lamellae microstructure was densified due to diffusion and 

recrystallization processes occurring during annealing [11]. The boundaries of the 

particles mostly disappeared, indicating that the temperature was adequate for 

promoting metal diffusion across the particle boundaries for all materials. Finally, 

the voids present in the interparticle boundaries and small pores disappeared, 

resulting in a reduction in porosity from 6 ± 2% to 4 ± 1% for Cu, 10 ± 4% to 

7 ± 2% for Al, 12 ± 3% to 8 ± 2% for Ti, and 21 ± 5% to 16 ± 3% for Ti6Al4V 

between the MK as-sprayed and the HT deposits.
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Table 4.4. Microstructural characterization of the MK as-sprayed and HT samples. 

Feedstock 

Metal Knitting 

As-Sprayed Heat Treated 

Flattening 
Ratio 

Porosity 
(%) 

Microhardness 
(HV0.2) 

Porosity 
(%) 

Microhardness 
(HV0.2) 

Cu 2.3 ± 0.6 6 ± 2 88 ± 10 4 ± 1 60 ± 8 

Al 2.7 ± 0.7 10 ± 4 50 ± 3 7 ± 2 31 ± 7 

Ti 1.7 ± 0.3 12 ± 3 199 ± 22 8 ± 2 203 ± 27 

Ti6Al4V 1.2 ± 0.3 21 ± 5 229 ± 31 16 ± 3 275 ± 25 

 

Despite the general reduction in porosity values achieved for all materials 

after HT, the large pores and voids generated between particles during deposition 

remained present. These defects resulted from the insufficient plastic 

deformation of particles upon impact. This issue was even more significant for 

the MK-Ti6Al4V deposits, as their microstructure revealed a notable absence of 

deformed particles. 

The microhardness of the T and MK as-sprayed and MK HT deposits was 

measured to analyze the modification of this property after annealing. Similar 

microhardness values were measured for as-sprayed deposits regardless of the 

deposition strategy used. The small variations in microhardness between T and 

MK deposits can be attributed to the different particle impact angles used in each 

strategy. A reduction in the impact angle of the particles is known to result in less 

plastic deformation, which has two main consequences: (i) lower work hardening 

of the particles and therefore, lower hardness of the deposit, and (ii) reduced 

particle−particle cohesion, leading to weaker mechanical performance [38].  

After the annealing, two tendencies were observed in the microhardness 

depending on the material; on the one hand, in the case of MK-Cu HT, MK-Al HT, 

and MK-Ti HT, the microhardness values were maintained or slightly decreased, 

which is typical behavior of CS deposits, since the annealing recrystallization 

phase enhances the ductility of the CSAM parts by removing the work hardening 

effects caused by the intensive plastic deformation of the particles [11]. On the 

other hand, the microhardness of MK-Ti6Al4V HT presented an increase in this 

value, suggesting that the HT generated a decrease in porosity and enhanced 
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the cohesion of particles, increasing the microhardness values [39] and 

promoting the appearance of harder β phases [40], as can be observed in 

Figure 4.8. 

4.3.5 Adhesion Strength of the Reconstrued Part to the Substrate 

Spraying at an angle different than normal directly onto a previously 

sprayed deposit has been reported to have a negative influence on deposition 

efficiency, adhesion strength, and porosity of the deposits [12,41,42]. Yin et al. 

[42] studied the effects of spray angles (90º, 75º, and 60º) on the deposition 

behavior of Ti particles. The results revealed that deflecting the spray angle 

significantly hindered particle deformation, increased porosity within the coating 

microstructure, and subsequently negatively affected the quality of the coating. 

Since the use of these CSAM components is intended for the 

reconstruction of metallic parts, high adhesion values between particles and 

substrate are required. To achieve this, a smooth interface with intimate contact 

of the particles with the substrate is critical [19]. Figure 4.9 displays the cross-

sectional images of the interface of the MK as-sprayed and HT samples. The as-

sprayed MK samples showed porous microstructures, mostly with a rough 

deposit−substrate interface, which may indicate poor bonding between the 

particles and the substrate caused by a lack of intimate contact due to the 

spraying angle. In general, it is considered that two bonding mechanisms are 

responsible for the particle−surface adhesion and particle−particle cohesion in 

CS: mechanical interlocking, and metallurgic bonding. The extent of each 

bonding mechanism depends on the particle size, velocity, and impact angle [43]. 

The images of the interfaces of the as-sprayed MK deposits (Figure 4.9) clearly 

show that as a consequence of the modification of the impact angle, mechanical 

interlocking is the predominant bonding mechanism of these deposits to the 

substrate. An improvement in the adhesion of the deposits can be observed by 

looking at the interface of the HT MK samples which are smoother, without 

porosity, and more homogeneous than the MK- as-sprayed deposits. These 

images indicate that metallurgical bonding occurred during HT of the MK 

deposits, suggesting an increased adhesion of the deposit compared to the as-

sprayed samples [44,45].  
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Figure 4 9. Optical microscope images of the CSAM interfaces.

Furthermore, a tensile test was performed to investigate the adhesion 

strength of the MK deposits, as shown in Figure 4.10. As expected, from 

observing the interfacial characteristics in Figure 4.9, all MK as-sprayed samples 

showed adhesive failures at the deposit−substrate interface with values below 30 

MPa, suggesting a poor bonding between the remanufactured part and the 

substrate. Conversely, the MK-Cu, -Ti, and -Ti6Al4V HT samples presented a 

cohesive failure with greater tensile strength values, 43 MPa, 114 MPa, and 

160 MPa, respectively, than their as-sprayed counterparts. This further confirms 

that annealing is an adequate strategy to increase the bonding between particles 

and substrate. It is worth indicating that the Al samples showed no change in the 

tensile strength value after the HT, probably because annealing did not promote 

enough diffusion across the splat boundaries to improve the deposit−substrate 

adhesion strength, as can be observed in Figure 4.10 [12].
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Figure 4.10. Tensile test results of as-sprayed and HT specimens; (A) and (C) labels 
indicate adhesive or cohesive failure, respectively.

The failure mechanism of the HT MK samples that presented cohesive 

failure was observed with the SEM, and the resulting images are presented in 

Figure 4.11.

Figure 4.11. SEM micrographs of the specimens’ failure after tensile test of (a,b) MK-
Cu HT, (c,d) MK-Ti HT, and (e,f) MK-Ti6Al4V HT.

Overall, the samples showed signs of plastic deformation, indicative that 

the annealing strengthened the bonding between particles. The MK-Cu HT 

sample was highly deformed before failure, revealing a high deformation in the 

form of peaks in the specimen, while the MK-Ti HT and MK-Ti6Al4V HT samples 

showed a mixture of interparticle and intraparticle fracture propagation with the 

characteristic dimples that appear during plastic deformation in the intraparticle 

failure regions. All these results demonstrate that annealing is a good strategy to 
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overcome the poor adhesion and cohesion obtained when spraying at an angle 

other than 90°.

4.3.6 Erosive and Abrasive Wear Resistance

One of the main challenges when reconstructing a damaged part for 

remanufacturing purposes is to achieve the required performance of the deposits 

for operating conditions; ideally, similar to that of the original component [46]. In 

order to guarantee that the new reconstructed part shows a similar behavior 

compared to the original bulk material, the enhancement of particle cohesion is 

mandatory. In this sense, HT are expected to improve not only the deposit 

microstructure and deposit adhesion strength with the substrate, but also the 

internal cohesion of the remanufactured section by CSAM. Therefore, an 

evaluation of the resistance to erosive and abrasive wear for the MK HT samples 

was carried out, along with a comparative analysis of the HT samples with a bulk 

plate of the same material. 

The average erosion values results are presented in Figure 4.12 and 

included in Table 4.5.

Figure 4.12. Average erosion value of the bulk and MK heat treated samples.

These results indicate that the bulk and MK-Cu and -Al HT samples 

exhibited a similar behavior, with no significant differences in their average 

erosion value. In contrast, the MK-Ti HT and MK-Ti6Al4V HT samples showed 

lower resistance to erosion compared to their bulk counterparts, which is 

attributed to a lack of cohesive strength between particles even after the HT 

process.
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Table 4.5. Resistance to erosion and abrasive wear results. 

Sample 

Erosion 
Resistance 

Abrasive Wear Resistance 

Avg Erosion Value 
(mm3/g) 

Wear Rate 
(mm3/Nm) 

Volume Loss 
(mm3) 

Bulk Al 0.038 ± 0.002 1.6 × 10−3 240 

MK-Al HT 0.037 ± 0.012 1.8 × 10−3 259 

Bulk Cu 0.033 ± 0.002 8.0 × 10−4 41 

MK-Cu HT 0.034 ± 0.002 8.0 × 10−4 41 

Bulk Ti 0.031 ± 0.001 1.5 × 10−3 76 

MK-Ti HT 0.076 ± 0.006 4.4 × 10−3 222 

Bulk Ti6Al4V 0.030 ± 0.001 1.0 × 10−3 53 

MK-Ti6Al4V HT 0.078 ± 0.007 5.0 × 10−3 248 

 

For a better understanding of the different results obtained for Cu and Al 

and Ti and Ti6Al4V pairs, SEM micrographs of the eroded surfaces were 

recorded for the MK samples after erosion testing, as shown in Figure 4.13. Two 

main wear mechanisms are generally involved in erosion damage—plastic 

deformation, and brittle fracture [47,48]. As could be expected for the case of 

ductile materials, the images of the eroded surface for MK-Cu HT and MK-Al HT 

showed clear signs of predominant erosion by plastic deformation of the surface, 

associated with the detachment of small portions of metals by plastic rupture due 

to the impact of hard particles. Two types of deformation were identified in 

Figure 4.13a-b, which confirm this conclusion: ploughing and cutting. This 

behavior can be perfectly explained considering that for these two materials, a 

dense microstructure was obtained after the HT. As a result, high particle−particle 

cohesion was achieved, which resulted in a similar erosion resistance than the 

bulk material.  
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Figure 4.13. SEM micrographs of the erosion mechanism of (a) MK-Cu HT, (b) MK-Al 
HT, (c) MK-Ti HT, and (d) MK-Ti6Al4V HT.

In contrast, MK-Ti HT and MK-Ti6Al4V HT clearly showed a different 

behavior than the Cu and Al samples. Certainly, the SEM images of the eroded 

Ti and Ti6Al4V surfaces also showed signs of plastic deformation (mainly the 

ploughing type) as one of the mechanisms contributing to the wear of the 

samples; however, for these two materials clear and big cracks were additionally 

identified in the surface. These cracks revealed the presence of voids or big pores 

in the microstructure of the deposits even after annealing, as previously observed 

in the MO microstructure analysis (Figure 4.8). These crack patterns suggest the 

easy propagation of interparticle cracks due to the low cohesive strength of these 

deposits. Consequently, extended collisions with erosive materials dislodged the 

deposited particles, which explains the high erosion values measured for these 

two samples [49].

In agreement with the erosion tests, the abrasive wear resistance of the 

samples was evaluated by the Rubber Wheel test. The wear rate behavior of the 

MK HT samples is shown in Figure 4.14, while numerical results for the volume 

loss and wear rate are shown in Table 4.5. During the first 5 min, most samples 

showed a steep increase or decrease in the wear rate, followed by a stabilization 

of this value after this time. This behavior is attributed to a rapid decrease of the 

superficial roughness and to the pull-out of the last layer of the deposited particles 
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which are those showing the lowest particle−particle cohesion since they were 

not affected by the tamping effect of a new layer of particles.

Figure 4.14. Wear rate of the bulk and MK HT samples.

According to the work presented by Fu et al. [50], the abrasive wear 

resistance of materials is directly associated with properties such as Young’s 

modulus, toughness, hardness, and compactness. A similar trend to that 

observed in the erosion resistance test can be seen.

On one hand, MK-Cu HT and MK-Al HT samples exhibited very similar 

resistance to abrasive wear and volume loss values compared to pure Cu and Al 

bulk plates, confirming that MK is a suitable technique for repairing components 

fabricated with these two materials. On the other hand, the MK-Ti HT and MK-

Ti6Al4V HT samples showed a considerable difference in the wear rate and 

volume loss compared to their Ti and Ti6Al4V counterparts, indicating that their 

behavior is not comparable to that of the bulk materials and further deposition 

strategies need to be investigated for a successful reconstruction of these 

materials by CSAM. 
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4.4 Conclusions 

CSAM is an AM method with great benefits compared to other heat-focused 

techniques. It is still an emerging technology in which some challenges are yet to 

be studied. This work focused on improving the geometry control accuracy using 

a spraying strategy for remanufacturing metallic parts and tailoring the final 

microstructure of CSAM deposits with annealing heat treatments. Several 

findings can be concluded: 

• The T CSAM are not suitable for the production of thick coatings with strict 

geometric tolerance, because as the deposits are sprayed, a pyramid-

shaped part starts to grow. This normal deposition strategy does not allow 

the successful deposition of all kinds of materials. 

• MK is an effective CSAM deposition strategy for the reconstruction of 

metallic parts compared to the T method. With MK, straight walls of 

different materials with unlimited height and without detachment of the 

deposits can be obtained. However, the deposition angle reduces the 

plastic deformation of the particles, increasing porosity within the 

microstructure and hindering adhesion with the substrate. 

• Regardless the feedstock material, annealing was found to be an effective 

HT process to tailor the microstructure of the samples by improving the 

cohesion between particles and adhesion with the substrate, as well as 

densifying the deposited counterparts.  

• The MK-Cu HT and MK-Al HT samples showed similar characteristics as 

the bulk materials in terms of mechanical properties and resistance to 

abrasive and erosive wear, suggesting that the manufacturing of these 

materials by CSAM MK followed by annealing could be comparable to 

other bulk production methods. 

• The porosity and low particle−particle cohesion observed in the 

microstructure of the MK-Ti and MK-Ti6Al4V samples were not 

significantly enhanced, even after the annealing treatment, which explains 

their low resistance to erosive and abrasive wear in comparison to the 

bulk. For these alloys showing high critical impact velocities, the results of 

this study suggest that the combination of MK and a heat-thermal 
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treatment might be insufficient to achieve the deposit properties needed in 

certain applications and other densification strategies should be explored. 
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Chapter 5: Results & Discussion 
 

Repair of Inconel 718 parts by Cold Spray Additive 
Manufacturing: the effect of substrate preheating 
on thick coatings properties  

Cold spray additive manufacturing (CSAM) has been developed as a promising 

solid-state technology for repair applications. Yet, one of the main challenges of 

CSAM is the deposition of high-strength materials, such as Inconel 718® (IN718), 

due to their low particle plasticity. IN718 is a high-performance Ni-based 

superalloy usually used in relevant applications such as high-temperature 

industries or jet engines. The interest in remanufacturing IN718 damaged parts 

with CSAM has increased in the last years; however, different deposition 

strategies still need to be studied to obtain well-bonded and dense IN718 

deposits. This study investigates the effect of IN718 substrate preheating on the 

CSAM IN718 deposit microstructure and thickness, as well as the adhesion 

mechanisms and strength at room and preheating temperatures: 250 and 400 ºC. 

The results revealed that a substrate preheating temperature of 400 ºC promoted 

a dense microstructure within a 1.2 mm thick coating with porosity values < 0.1%, 

and an adhesion strength > 50 MPa.
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Chapter 5: Repair of Inconel 718 parts by Cold Spray Additive 
Manufacturing: the effect of substrate preheating on thick 
coatings properties 

5.1 Introduction 

Inconel 718 (IN718) is a high-performance Ni-based superalloy, registered 

by the US company International Nickel Company, with excellent corrosion 

resistance and high mechanical strength at high temperatures used in relevant 

applications, such as jet engines that operate at temperatures as high as 700 ºC. 
Over the years, IN718 has been processed with conventional methods, i.e., 

wrought and cast techniques; however, its high strength characteristics make it 

difficult to machine using conventional processes [1,2]. Some IN718 parts are 

exposed to harsh environments, and their damages by erosion, abrasion, or hot 

corrosion may result in volume losses, which have been repaired by welding or 

other processes involving high-temperature deposition, resulting in 

microstructural effects on the IN718 base metal. Therefore, in the last years, cold 

spray additive manufacturing (CSAM) has been studied as an alternative for 

repairing IN718 damaged parts. 

Cold spray (CS) is a solid-state deposition that has been developed for 

coatings and has advanced as an additive manufacturing (AM) technology with 

the potential to be used in repairing applications [3–6] In CS, a feedstock powder 

is injected inside a gun, and accelerated by a preheated gas, typically N2 or He, 

through a convergent-divergent de Laval nozzle, reaching supersonic velocities. 

The powder particles are accelerated and propelled towards a substrate (below 

the materials recrystallisation temperature); when they impact with enough kinetic 

energy, they deform plastically and remain adhered to the substrate. The speed 

which must be achieved for a material application, is called the critical velocity 

(vcr). The most established theory on bonding mechanisms in CS is the work of 

Assadi et al. [7], where adiabatic shear instability (ASI) is proposed as the main 

adhesion mechanism responsible for the bonding of the particles. This 

phenomenon occurs due to the high strain rate deformation processes during the 

impact, which disrupt the superficial oxide film of the particles, creating a metal 

jet that forms a metallurgical bonding by establishing an intimate contact between 
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the particles and the substrate. In addition to the ASI theory, Hussain et al. [8] 

studied the behavior of CS Cu particles on Al substrate, observing that the 

particles deform the substrate, creating a layer of particles mechanically 

interlocked, acting as a well-bonded base for further impacting particles to 

adhere. 

Moreover, the CS deposition of high-strength materials, e.g., IN718, is still 

challenging; the lack of particle deformability at the impact hinders the bonding 

processes and may lead to a porous or low-adhesion deposit. Hence, the use of 

high-energy parameters is required to obtain dense deposits of IN718, which can 

result in an accumulation of residual stresses that may cause the detachment of 

the deposits from the substrate [9,10]. To overcome this, scholars have focused 

on different deposition strategies to obtain well bonded-dense CS IN718 deposits 

[9,11–16]. Singh et al. [14] measured the residual stress distribution in CS IN718 

coatings with varying thicknesses, indicating that residual stresses significantly 

influences adhesion strength, which decreases by improving the coating 

thickness. Additionally, Sun et al. [13] studied the impact of surface roughness 

and substrate preheating on the coating-substrate bonding mechanism, revealing 

that a smoother substrate surface enhanced the plastic deformation of the 

particles without constraint. Moreover, the substrate preheating promoted metal 

jetting of the particles, resulting in higher bonding strength under shear loading. 

Pérez-Andrade et al. [9] optimized the CS process gas temperature conditions to 

produce thick IN718 coatings with low porosities, high hardnesses, and low 

tensile residual stresses in the substrate-coating interface. The authors also 

evaluated the effect of annealing and hot isostatic pressing (HIP) on the 

microstructure of the coatings. Annealing improves the deposit density, > 99%. 

Ma et al. [12] compared the characteristics of CS IN718 produced with different 

propelling gases, He and N2. Higher ductility and ultimate tensile strength were 

reported for IN718 coatings by using He instead of N2. However, He increases 

CS repairing costs. 

The interest in repairing IN718 parts with CSAM has grown in recent years 

[4–6]. However, studies on the CS process for IN718 are still limited. 

Consequently, various deposition strategies require further investigation to 

achieve well-bonded and dense IN718 thick deposits suitable for repairing 
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applications. Substrate preheating has been shown to improve the adhesion 

strength when spraying hard materials due to the softening of the substrate, 

which allows to remove the native oxide layer by ASI, resulting in an improved 

metallic bonding [17]. Ortiz-Fernandez et al. [17] showed an improvement of 30% 

in the CS Al adhesion on Ti6Al4V substrate by its preheating by an induction 

system. Moreover, Ortiz-Fernandez and Jodoin [18] used an induction system for 

the Ti6Al4V substrate and the IN718 deposit, and an IN718 feedstock powder 

heater to control the temperatures of the materials during the deposition, 

promoting higher deposition efficiency (DE) and inter-particle bonding strength. 

Xie et al. [19] evaluated the bonding strength of CS 316L stainless steel on a 

preheated 316L substrate, resulting in adhesion of 13.4 MPa and 74.1 MPa at 

preheating temperatures of 25 and 700 ºC, respectively. 

Up to date, the impact of substrate preheating on IN718 coatings sprayed 

onto IN718 substrates have not been reported. This deposition strategy is an 

alternative for repairing damaged IN718 parts without detrimental effects on their 

material microstructures. This work investigates the influence of substrate 

preheating on CS IN718 thick deposits for repair applications. The variations in 

microstructural characteristics, including porosity, microhardness, and phase 

composition, of the deposits sprayed at different preheating temperatures (room 

temperature (RT), 250, and 400 ºC) were evaluated. The interaction between the 

coating and the substrate at the different preheating temperatures was 

investigated, focused on the adhesion mechanisms of single impact splats. 

Furthermore, the bonding strength of the samples at varying thicknesses and 

preheating temperatures was tested to determine the effectiveness of the CS 

process for repairing IN718 parts. 

5.2 Materials and Methods 

5.2.1 Feedstock powder 

A commercial IN718 powder with dendritic microstructure (Diamalloy 

1006, Oerlikon) was used in this study. Its particle shape and cross-section 

images were obtained by scanning electron microscopy (SEM) in a Phenom ProX 

Desktop microscope (Eindhoven, the Netherlands), as seen in Figure 5.1(a-b). 

An elemental microanalysis was carried out with Quantax EDS Bruker Nano (MA, 
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USA) integrated into a SEM Jeol 5310 (Tokyo, Japan) to measure the IN718 

chemical composition, shown in Table 5.1. The IN718 particle size distribution 

was analyzed with a laser diffraction particle sizing analyzer Beckman Coulter LS 

13 320 via dry mode (CA, USA), presented in Figure 5.1(c).

Figure 5.1. Feedstock powder IN718 (a) particle shape, (b) cross-section 
microstructure, and (c) particle size distribution.

Table 5.1. Feedstock powder IN718 chemical composition (wt.%).

Ni Cr Fe C Nb Mo Al Ti
49.17 19.06 17.33 4.69 4.69 3.02 1.05 0.99

5.2.2 CSAM parameters and substrate preheating conditions

All samples were sprayed with a high-pressure CS Plasma Giken PCS 100

(Saitama, Japan) equipment on polished dia. 25 mm IN718 discs. To examine 

the impact of substrate preheating and thickness on the samples’ microstructure 

and adhesion, the experiments detailed in Table 5.2 were conducted using the 

optimized CS parameters for IN718, included in Table 5.3. The IN718 substrates 

were preheated using a hotplate CERAN 500 (Jena, Germany); the hotplate’s 

setpoint temperature was maintained during the spraying. The temperature of the 

substrates before spraying was measured using an infrared thermometer FLIR 

TG56 (OR, USA).

To evaluate the adhesion mechanisms at the different preheating 

temperatures, single impact particle splats were sprayed with the preheating 

temperatures detailed in Table II with a traversal velocity of 1000 mm/s.
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Table 5.2. CS samples nomenclature and characteristics. 

Label Preheating Temperature (ºC) Number of layers 
RT-10 

Room Temperature 

10 

RT-15 15 

RT-20 20 

RT-40 40 

250-10 

250 

10 

250-15 15 

250-20 20 

250-40 40 

400-10 

400 

10 

400-15 15 

400-20 20 

400-40 40 

 

Table 5.3. CS parameters. 

Pressure 
(MPa) 

Temperature 
(ºC) 

Standoff Distance 
(mm) 

Traversal velocity 
(mm/s) 

7.0 1080 30 500 
 

5.2.3 Microstructural characterization 

The metallographic preparation of the samples was completed following 

the ASTM E1920-03 standard; the polished samples were etched in a reagent 

composed of 5 ml HF, 5 ml HNO3, 5 ml H2O2, 10 ml HCl, and 5 ml distilled water 

to reveal their microstructure. Each samples’ cross-sectional surface and 

thickness were evaluated with a Keyence VK-X (Osaka, Japan) series laser 

microscope according to the ASTM E3-11 standard. The mean porosity values 

were obtained using ImageJ software of images obtained by optical microscopy 

(OM) in a Leica DM5000 microscope (Wetzlar, Germany), following the ASTM 

E2109-01 standard. The Vickers microhardness was obtained from a mean value 

of ten indents for each sample in accordance with ASTM E384-17 standard, with 

a 0.3 kgf (HV0.3) using a Shimadzu HV-2/HMV-2T (Tokyo, Japan) equipment. 

To evaluate the composition of the deposits, an elemental mapping was 

obtained with EDS detector GATAN MONO-CL4 (CA, USA) attached to a FESEM 

JEOL J-7100 (Tokyo, Japan). To evaluate the phase changes, XRD patterns 
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were performed for the feedstock powder and CS samples, using an equipment 

PANalytical X’Pert PRO MPD (Malvern, UK) with Ni filtered Kα radiation 

(λ = 1.5418 Å) from 5 to 100º 2θ with a step size of 0.026º and measuring time of 

100 s. 

5.2.4 Adhesion mechanisms & evaluation 

To investigate the adhesion mechanisms, the single impact splats were 

observed with a Phenom ProX Desktop SEM (Eindhoven, the Netherlands). The 

adhesion strength of the CS IN718 deposits with an IN718 substrate was 

evaluated with equipment Servosis ME 402-10 (Madrid, Spain), according to the 

ASTM C633-13 standard. For each variable, three samples were glued to a grit-

blasted counterpart with the adhesive HTK Ultrabond 100 (Hamburg, Germany) 

with a strength of 50 MPa; a tensile test at a rate of 0.01 mm/s was performed 

until failure. The fracture surfaces were observed in the SEM to interpret the type 

of failure: adhesive (on the interface substrate-coating), cohesive (between the 

coating particles), or glue failure (in the interface coating-counterpart). 

5.3 Results and Discussion 

5.3.1 Microstructural characterization 

Figure 5.2 shows the samples’ cross-sectional microstructures, while the 

porosity and microhardness are also presented in Figure 5.3. Overall, dense and 

homogeneous CS IN718 deposits were obtained with no visible cracks nor 

delamination areas, which is consistent with other studies of CS IN718 in the 

literature [9,14,16]. Furthermore, all micrographs revealed a smooth substrate-

deposit interface, indicating a strong bonding between particles and substrate, 

and an adequate selection of the CS parameters and substrate activation. In 

addition, the microstructural characteristics of the 40 layered deposits were 

similar to the ones sprayed with fewer layers; despite the higher thickness, a 

dense microstructure with a smooth interface without defects was observed. 
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Figure 5.2. OM images of the CS IN718 deposits. The arrows indicate the interface 
deposit-substrate.

Figure 5.3. Porosity and microhardness of CS IN718 deposits.
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As observed in Figure 5.2, two effects that led to microstructure 

densification can be clearly distinguishable: the temperature effect from the 

substrate preheating and the peening effect of the particles related to the increase 

in coating thickness. The effect of the substrate preheating on the microstructure 

densification of the samples was notable, especially on the first deposited layer, 

where the temperature transfer from the substrate was more influential. In this 

case, regardless of the number of layers sprayed, the samples exhibited higher 

porosity values when sprayed at RT compared to those sprayed with preheating 

temperatures of 250 and 400 ºC. This effect was the most evident in the 20 

layered samples; the porosity decreased with the preheating substrate 

temperature increase, resulting in porosity values of 2.2 ± 0.8%, 1.2 ± 0.4%, and 

0.5 ± 0.2% for RT-20, 250-20, and 400-20, respectively. This is attributed to an 

enhanced plastic deformation of the particles when impacting a surface at a 

higher temperature, promoting metallurgical bonding and micro welding between 

particles-substrate and particles-particles [19]. Moreover, the peening effect from 

the subsequent impingent particles was also observed in the porosity. In all 

cases, the porosity decreased when increasing the deposits’ thickness: resulting 

in values of 2.3 ± 0.6% and 1.5 ± 0.5% for samples RT-10 and RT-40, 1.0 ± 0.3% 

and 0.6 ± 0.2% for samples 250-10 and 250-40, and 1.2 ± 0.7% and 0.1 ± 0.1% 

for samples 400-10 and 400-40, respectively. In particular, as reported by Singh 

et al. [14] at higher thicknesses the peening effect is intensified, leading to a 

higher deformation of the already deposited particles by the impact of the 

subsequent particles, acting to reduce the previous deposited layers’ thickness 

and densifying them.  

In particular, sample 400-40 presented a fully dense microstructure 

(99.9%) comparable to an IN718 bulk part. It is worth noting that there are no 

reported CS IN718 deposits within the literature exhibiting such a high dense 

microstructure. For instance, Singh et al. [14] studied the influence of deposit 

thickness (ranging from 216 to 1173 μm) on the residual stress development of 

CS IN718 deposits sprayed with N2 onto IN718 substrates, obtaining deposits 

with low porosity values of 0.7 ± 0.3%. However, discontinuous gaps between the 

particles-substrate for all thicknesses can be observed in the interface, 

suggesting a weak adhesion strength. Another example is the study of Ma et al. 
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[12], in which the microstructures of CS IN718 deposits fabricated using N2 and 

He were compared. The deposits sprayed with N2 exhibited a dense 

microstructure, yet even after a heat treatment post-processing, the porosity 

resulted in a value of 1.24 ± 0.14%. On the other hand, the deposits obtained with 

He, showed a fully dense microstructure with porosity values of 0.21 ± 0.05% in 

the as-sprayed state and 0.18 ± 0.04% after the heat treatment. Nonetheless, 

using He severely increases the costs associated with the CS processing, making 

its utilization difficult to justify [20]. Finally, Pérez-Andrade et al. [9] produced CS 

IN718 deposits with 1.3 mm thickness and investigated the effects of a three-step 

heat treatment post-processing, obtaining a thick as-sprayed deposits sprayed 

with optimized conditions with a porosity value of 1.3 ± 0.1% and no debonding 

signs, as well as heat treated specimens with dense microstructures containing 

0.3 ± 0.1% porosity. 

In terms of microhardness, all values were comparable among all the CS 

IN718 deposits. In contrast to the work of Singh et al. [14], no difference in the 

microhardness was observed by increasing the deposits’ thickness since all the 

samples in this work presented a dense microstructure with a strong cohesion 

between particles. Moreover, all the obtained microhardness values resulted in 

higher than the ones reported in the literature for bulk IN718 (450 HV0.3) [14,21] 

due to the inherent cold-working effect of the particles in the CS process [22]. 

Moreover, Figure 5.4 presents graphically the thickness evolution of the 

IN718 deposits with the substrate preheating and number of layers. As expected, 

the deposits’ thickness varied with the number of CS layers. For all 10 layered 

samples, the deposits’ thickness remained constant, independently of the 

preheating temperature, resulting in similar values of 495 ± 23 μm, 498 ± 14 μm, 

and 467 ± 25 μm, for RT-10, 250-10, and 400-10, respectively. Each of the ten 

layers had a thickness close to 50 μm. In the case of the RT samples, as the total 

number of layers was increased, thinner individual layers were obtained with 

mean values of 35 μm/layer, 34 μm/layer, and 29 μm/layer for RT-15, RT-20, and 

RT-40 samples, respectively. This tendency was less accentuated by controlling 

the substrate temperature, in which more than 40 μm/layer were obtained until 

20 layers for 250 and 400 ºC preheating temperatures, which may be attributed 

to the temperature transfer resultant from both a higher substrate surface 
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temperature and a higher temperature of the sample when spraying at longer 

times [10]. However, as the number of layers was increased to 40, the effect of 

the temperature was less influential in the deposit and a progressive decrease in 

the individual layers in all cases was observed regardless of the substrate 

temperature. This behavior is attributed to the fact that the CS process gas was 

sprayed at a higher temperature than the preheating temperatures, hence, after 

a prolonged spraying time the surface temperature of all samples eventually 

stabilized and no further differences in layers’ thickness was observed. This 

steady-state temperature behavior is consistent with the work of Legoux et al. 

[23] and Ortiz-Fernandez et al. [10], in which they recorded the temperature 

evolution of samples with and without preheating. In this sense, the measured 

thickness was similar for all preheating temperatures at 40 layers, with values of 

1172 ± 26 μm, 1166 ± 53 μm, and 1117 ± 29 μm, for samples RT-40, 250-40, 

and 400-40, respectively. 

 

Figure 5.4. Thickness of CS IN718 deposits. 

Furthermore, the initial dendritic microstructure of the feedstock powder 

was maintained after the CS processing, as confirmed by the SEM micrograph 

and the EDS analysis shown in Figure 5.5. The SEM image clearly shows the 

splats with the deformed dendritic microstructure localized in the periphery of the 

particles. In addition, the compactness of the particles was notably apparent since 

the particle boundaries were barely distinguished. The EDS element map 
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distribution revealed a segregation of Nb, Mo, and C in the inter-dendritic regions 

[24,25]. 

 

Figure 5.5. EDS elemental map of the 400-40 deposit microstructure. 

One drawback of substrate preheating is that depending on the 

temperature and material involved, it may cause oxidation and hinder the bonding 

strength between the particles and the substrate [10,26]. Therefore, an XRD 

analysis was done to confirm the absence of oxides in the specimens at RT and 

400 ºC, the highest preheating temperature. The diffractograms are shown in 

Figure 5.6. There were no oxides present, and all the samples exhibited the same 

peaks, which correspond to the single-phase FCC solid solution (γ phase) of 

IN718 [24,27]. Typically, IN718 is a material known to form several phases and 

precipitates. In particular, the phases γ’ and γ’’ determine its mechanical 

characteristics. Even though these phases were not observed in the CS IN718 

deposits, post-processing heat treatments can be applied to tailor the 

microstructure of the deposits, promoting the nucleation of the γ’ and γ’’ 

precipitates, while controlling other undesired phases [21]. 
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Figure 5.6. XRD diffractograms of the IN718 feedstock powder, RT-40, and 400-40 
deposits.

5.3.2 Adhesion mechanisms and strength

Dense IN718 coatings were obtained by selecting the optimized 

parameters for this material, in which the sprayed particles impacted the 

substrate at a velocity within the window of deposition, i.e., above the vcr (between 

787 and 830 m/s) and below the erosion velocity [11,12]. The fact that the 

substrate and the deposit were made from the same material influenced positively 

on both the particles’ and the substrate plasticity at impact, which enhanced 

bonding due to their similar mechanical and microstructural properties; in general, 

the deposition of different materials still has been a challenge for CS processing 

because of the dissimilar material response at the impact, which can produce the 

erosion of the softer side and none deformation of the harder counterpart [17,28]. 

The two densification effects mentioned in the previous section, a higher 

substrate temperature and the peening effect of the particles at a high number of 

layers, facilitated the deformation and subsequent packing of the IN718 particles. 

Figure 5.7 shows the OM images of the cross-sectional as-sprayed and etched 

microstructures of 40 layered IN718 deposits. As delineated by the dashed lines, 

the particles sprayed without preheating temperature exhibited a slight 

deformation, while generally retaining a semi-spherical shape. In contrast, the 

deposits subjected to both preheating temperatures exhibited highly deformed 

particles, which facilitated a tighter packing that minimized inter-particle voids. 

This increased particle deformation with temperature is consistent with the 
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findings of Ortiz-Fernandez et al. [10], which demonstrated that applying 

temperature to the specimen while spraying softens the deposit due to heat 

transfer processes. In this sense, the temperature transfer from the substrate to 

the deposit softened, up to a certain thickness, the already deposited particles, 

enhancing its deformation. When increasing the thickness beyond this point, the 

tampering effect of the particles becomes more influential, thereby densifying the 

microstructure [29]. 

Figure 5.7. OM images of the cross-sectional as-sprayed and etched 40 layered CS 
IN718 microstructures.

To further investigate the interaction of the substrate at different 

temperatures and the particles, single splats were deposited by CS. Figure 5.8

shows the SEM images of the sprayed particles and their cross-sectional 

microstructures. In neither case, the substrate exhibited any craters formed by 

the impact of bounced particles, which is attributed to the high-strength 

characteristics of the IN718 substrate. In addition, the particles in all cases were 

well attached and were plastically deformed with evidence of the metal jetting 

phenomenon [7,17,30]. In particular, the particles’ cross-section showed this 

interaction with more detail; the particles sprayed onto the RT substrate only 

formed a slight jet, and their impact caused a slight deformation of the substrate. 

In this case, a gap at the center-bottom of the particles was present, which can 

be attributed this discontinuity in the interface to the higher temperature of the 

particles at the periphery than at the center, indicating that a lower temperature 
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is reached in this center-bottom part of the particle, consequently hindering the 

bonding [13]. The same gap was observed in some of the particles sprayed onto 

the substrates preheated at 250 ºC; however, for the substrates preheated at 

400 ºC, this void was almost nonexistent, indicating that the temperature of the 

substrate promoted adhesion [13,18,31,32]. To understand this phenomenon, the 

influence of temperature on the plastic deformation mechanisms of the particles 

must be considered. Upon impact, most kinetic energy from the particles is 

converted into heat. This increase in the local temperature facilitates the 

dislocation motion within the materials, increasing both substrate and particle 

deformation [33]. Consequently, localized melting occurs, which promotes the 

fracture of oxide layer, thereby enhancing diffusion processes crucial for a 

successful adhesion between particles and substrate, and improved cohesion 

among particles [30,34]. Thus, an increased substrate or coating temperature 

induces a softening effect [18]. In the initial layers, this effect manifests as an 

enhanced metallurgical bonding at the interface, characterized by a strong 

intimate contact between the particles-substrate (Figure 8). Subsequently, in the 

succeeding layers, this softening effect influences the already deposited 

particles, which subsequently undergo further deformation due to the peening 

effect. As a result, a densification in the microstructure and an increased 

adhesion strength are achieved.

Figure 5.8. SEM images of single splats of RT, 250, and 400 substrate preheating 
temperatures.
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The adhesion strength of the CS IN718 deposits on IN718 substrates is a 

critical requirement for ensuring adequate performance in repairing applications 

[5,35]. In general, the deposition of these high-strength materials remains 

challenging in the CSAM technology due to both a lack of particle deformability 

that hinders the bonding processes and the accumulation of residual stresses 

that promote the deposit detachment [14,36]. Therefore, investigating of different 

deposition strategies, such as the robot path trajectory, substrate preheating, and 

optimization of the CS parameters are essential to ensure a strong bonding with 

the substrate [37]. Consequently, the effect of the substrate preheating on the 

adhesion of the CS IN718 deposits was investigated in this work; Figure 5.9

shows the values obtained for CS IN718 deposits with different preheating 

conditions and layers. 

Figure 5.9. Adhesion testing results of CS IN718 deposits.

In particular, the samples deposited without substrate preheating exhibited 

an adhesion strength with cohesive failure around 42 MPa. In contrast with the 

work of Singh et al. [14], in which the reported adhesion strength of 17 ± 3 MPa 

for CS IN718. The very close adhesion values for different RT coating thickness 

suggests that the accumulation of compressive residual stresses did not 

influence the cohesion nor adhesion of the CS IN718 deposits, which may be 

attributed to the quality of the deposits sprayed under optimized conditions.

Moreover, all samples subjected to substrate preheating exhibited glue 

failures, meaning that all these samples presented bonding strengths > 50 MPa, 

which indicated that the cohesion between particles and the adhesion to the 
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IN718 substrate were greater than the RT specimens. Again, no adhesion 

variation with the different thicknesses was observed. The resulting adhesion 

strength of the deposits was notably restricted by the glue strength; to evaluate 

the precise adhesion strength values for future investigations, the novel adhesion 

strength test developed by Ma et al. [12] offers an appropriate method to 

overcome the glue limitation. However, a bonding strength > 50 MPa would be 

suitable for general repair applications [38], avoiding new tests. 

Furthermore, Figure 5.9 shows representative images of the CS IN718 20 

layered samples. It was evident from the images that the differences in failure 

were between the samples sprayed with and without substrate preheating. This 

trend persisted across all samples: the first presented glue failure, as the deposits 

remained attached to the IN718 substrate discs, while the counterparts were 

perfectly detached from the deposits. Whereas the second experienced cohesive 

failure as the deposit was delaminated, leaving some of it attached to the IN718 

substrate discs and the remainder adhered to the counterpart. This suggests that 

the cohesion between samples was improved when applying higher 

temperatures to the substrate while spraying, consistent with the work of Sun et 

al. [39], which revealed that substrate preheating promoted metallurgical bonding 

and increased the deposit-substrate adhesion strength. 

This enhancement of adhesion can be further investigated by observing 

the interface of the deposits, along with the characteristics of single impact splats 

and their interaction with the substrate. Figure 5.10 presents the SEM 

micrographs of the etched interface of the RT-40, 250-40, and 400-40 CS IN718 

deposits. The micrographs clearly showed a difference between the RT 

specimens and the preheated ones; the first one exhibited a discontinuous gap 

between the particles and the substrate surface, suggesting that only localized 

parts of the deformed particles were able to bond metallurgically due to the 

occurrence of ASI. Moreover, the particle layers were also notorious, as the 

particle boundaries were clearly visible, indicating a lack of cohesion between 

them. On the contrary, by preheating the substrate, the interfaces became highly 

smooth. Specimen 250-40 only showed some voids in the deposit-substrate 

interface, while sample 400-40 exhibited a continuous and dense interface. For 
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these two deposits, the particles boundaries were barely distinguishable, which 

is consistent with the results observed in the single impact splats. 

Figure 5.10. SEM images of the etched substrate-deposit interface of the RT-40, 250-
40, and 400-40 deposits. The arrows indicate the interface deposit-substrate.

Overall, the substrate preheating strategy resulted in a significant 

reduction of porosity within the microstructure of the CS IN718 deposits. Coatings 

exhibiting nearly fully dense microstructures (99.9%) were manufactured without 

the presence of oxides or undesired phases, comparable to that of an IN718 bulk 

part. Moreover, thick deposits (> 1 mm) were successfully obtained with strong 

adhesion to the substrate and no signs of delamination. These findings 

demonstrate significant potential for the implementation of CS in repairing 

applications that involve this alloy, and overcomes the challenge of processing 

IN718 fabricated by other methods, such as welding.

5.4 Conclusions

In this work, CS IN718 deposits on IN718 substrate were manufactured 

under different substrate preheating temperatures: RT, 250, and 400 ºC. After the 

characterization and evaluation of the deposits regarding their microstructure, 

adhesion, and bonding mechanisms, the following conclusions can be drawn 

based on the results:

-CS processing can be successfully applied for repairing IN718 damaged 

parts by depositing the same material without adding any bond coating or other 

additional pre-processing other than polishing and cleaning, preserving the 

feedstock material microstructure and phase composition;

- Two effects led to microstructure densification: the temperature effect 

induced by the substrate preheating in the first layers, and the peening effect of 

the particles in the subsequent layers.
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- The substrate preheating improved the bonding strength, adhesion, and 

cohesion of CS IN718 deposits by softening the substrate, which improved the 

materials’ plasticity; 

- The substrate preheating and deposit thickness did not affect the deposit 

microhardness; however, increasing the preheating temperature and the deposit 

thickness improved the deposit density, reaching values comparable to an IN718 

bulk reference, > 99.9%. 
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Chapter 6: Results & Discussion 
 

Manufacturing and properties characterization of 
Ti patterned coatings for water electrolyzers by 
masked CSAM  

This chapter evaluates the fabrication of Ti patterned parts using a masked 

CSAM deposition strategy for their application as bipolar plates (BPPs) for Proton 

Exchange Membrane (PEM) electrolyzers. The dimensional and microstructural 

characteristics of pin fins were assessed. Additionally, the performance of both 

Ti parts for its application in PEM electrolyzers was evaluated in terms of 

corrosion resistance and interfacial contact resistance (ICR). 

The results demonstrated that the masked CSAM technology allowed precise 

control and customization of the dimensions of the 3D-printed pin fins. 

Additionally, the performance of both Ti parts for its application in PEM 

electrolyzers was evaluated in terms of corrosion resistance and interfacial 

contact resistance (ICR). The results suggest than the masked CSAM technology 

shows great potential for the fabrication of Ti BPPs. 
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Chapter 6: Manufacturing and properties characterization of Ti 
patterned coatings for water electrolyzers by masked CSAM 

6.1 Introduction 

Hydrogen is well known to serve as a carrier gas and has emerged as a 

highly effective and promising energy storage method. Due to its scarcity in its 

elemental state, its production usually needs an energy input. As a result, it is 

primarily considered a secondary energy carrier, derived from either renewable 

sources (such as wind, solar, geothermal) or non-renewable sources (such as 

coal, gas, and nuclear). The ability to store hydrogen as a portable and accessible 

fuel represents a significant advancement in the field of energy sustainability, 

addressing one of the worlds’ key environmental challenges: meeting the 

increasing demands of electricity generation [1,2]. Today, the cheapest way to 

produce it is by means of steam reforming of natural gas or gasification of fossil 

fuels, both methods leading to a considerable production of CO2 as a by-product 

[3,4].  

A promising alternative method for hydrogen production is through the 

electrochemical splitting of water with electrolyzers. This technology is powered 

by renewable sources, wherein electrical energy is applied to promote a reaction 

that separates H2O molecules into H2 and O2. The resulting purity of H2 from this 

process is typically close to 100% [4–6]. There are three main types of water 

electrolysis technologies: alkaline water electrolyzers (AWE), polymer electrolyte 

membrane (PEM), and solid oxide electrolysis cells (SOEC), currently being the 

AWE the most well established and mature technology [7]. The operation 

principle of these electrolyzers is different for each of them. Particularly, the PEM 

water electrolyzers are composed of several parts: two terminal end plates, 

bipolar plates (BPP), gas diffusion layers (GDL) and a PEM placed at the center, 

as shown in Figure 6.1. 
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Figure 6.1. PEM electrolyzer cell components.

In PEM electrolyzer cells, water is introduced into the anodic part of the 

cell, where it is uniformly distributed by the anodic BPP and comes in contact with 

the GDL and the PEM. Upon applying an electric current to the cell, a potential 

difference is established, acting as the driving force for a redox reaction to occur. 

At the anode, the oxidation of water takes place, while at the cathode the 

reduction of protons occurs to form hydrogen gas. These reactions are described 

as follows (Equation 6.1 and 6.2):

Equation 6.1

Anode reaction: 2 H2O O2 + 4 H+ + 4 e-

Equation 6.2

Cathode reaction: 4 H+ + 4 e- 2 H2

The proton exchange membrane, usually made of a thin layer of polymer 

membrane of perfluorosulfonic acid (PFSA) acts as a selective barrier, allowing 

only for protons (H+) to flow from the anode to the cathode. The electrons are 

directed through an external circuit and create an electric current. At the cathode, 

the protons and the electrons recombine to form H2 gas [7]. 

While the potential of producing green hydrogen through PEM water 

electrolyzers is promising, their use in industry and large-scale production has 

been limited by their high costs. Specifically, BPPs contribute for 80% of the cell’s 

weight, and account for approximately 40 – 60% of its total cost. As a result, there 
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is a need to develop new BPPs produced with low-cost, lightweight, and easily 

manufacturable materials while ensuring they possess the specific properties 

required for an efficient operation [8,9].   

The BPPs are required to have characteristics that are highly restraining 

and might be contradictory, such as to be chemically and mechanically stable, 

while being resistant to corrosion and electrically conductive [7–9]. The previous 

target of the U.S. Department of Energy (DOE) initiative for 2020 determined the 

technical parameters required for the BPP materials, including an interfacial 

contact resistance (ICR) < 10 mΩ cm2 and a corrosion resistance Icorr < 1 μA.   

Currently, titanium and stainless steels (SS) are considered the most 

promising metals for the production of cost-effective BPPs, due to their excellent 

mechanical properties, resistance to corrosion, and suitability for large-scale 

production. However, these materials also present certain challenges that need 

to be addressed. Ti is notoriously difficult to machine, making manufacturing 

through the BPPs conventional manufacturing methods such as machining or 

stamping difficult [10]. Therefore, other manufacturing methods such as additive 

manufacturing offer a potential solution. On the other hand, SS is susceptible to 

corrosion in acidic media, particularly at anodic potentials. Consequently, SS 

BPPs are usually coated with a more noble material such as Nb or Au [11–14].   

Some studies investigate the possibility to manufacture metallic BPPs with 

additive manufacturing, however there is still a need to explore and optimize the 

different technologies for a cost-effective production. For instance, Yang et al. 

[15] successfully demonstrated the viability of manufacturing a cathode SS 316L 

plate using selective laser melting (SLM), indicating that additive manufacturing 

(AM) could be a rapid and cost-effective approach to develop BPPs. Additionally, 

Yang et al. [16] conducted further research on the aforementioned BPPs, coating 

them with a protective layer of Au through electroplating. This additional step 

allowed the BPPs to withstand the aggressive acidic conditions to be 

implemented on both the anodic and cathodic sides of the electrolyzer cell. 

Furthermore, Huang et al. [17] also utilized selective laser melting (SLM) to 

manufacture bipolar plates using SS 316L material. The authors fabricated the 

BPPs with various flow-fields and evaluated their efficiencies through 

computational fluid dynamics (CFD) simulations, concluding that the BPPs 
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produced by SLM showed high forming quality. On the other hand, Sánchez-

Molina et al. [18] manufactured SS 316L BPPs by powder bed fusion (PBF), and 

compared their properties with bipolar plates manufactured by conventional 

machining processes, both parts showed similar characteristics in ex-situ 

corrosion tests, exhibiting PBF as a potential AM technology for the production of 

BPPs. 

Up to date, no other AM technologies have been used for the 

manufacturing of BPPs and the current studies in the literature focus mainly on 

specific materials, such as SS 316L. Therefore, in this study a methodology to 

manufacture Ti BPPs with cold spray additive manufacturing (CSAM) is 

developed. CSAM is a solid-state process that involves propelling a powder 

feedstock inside a gun using preheated, compressed, supersonic gas (N2 or H2) 

at high velocities (300 – 1200 m/s) through a convergent-divergent (de Laval) 

nozzle. When the accelerated powder impacts a substrate with sufficient kinetic 

energy, it undergoes plastic deformation at the point of impact, leading to particle 

adhesion. With this technology, bipolar plates of different materials can be built 

(such as Cu, Al, SS 316L, and Ti) with customized flow-fields. Since it is a bottom 

up approach and a solid-state technology, problems such as machinability and 

undesired phases and oxidation in the plates are avoided. 

The objective of this work is to develop a manufacturing process for Ti 

patterned parts using masked CSAM and to evaluate the dimensional and 

microstructural characteristics of irregular (Ti-I) and spherical (Ti-S) parts. 

Additionally, this study evaluates the behavior and performance of the CSAM Ti 

deposits in aggressive environments, focusing on their corrosion resistance in 

acidic media and interfacial contact resistance (ICR) as required for the 

commercial BPPs used in PEM electrolyzers.  

6.2 Materials and Methods 

6.2.1 Feedstock powder characterization 

Two titanium powders with notable cost differences are investigated in this 

work: a low-cost irregular Ti powder (CNPC powder) and a spherical Ti powder 

(AP&C). In this study both powders are labeled as Ti-I and Ti-S, respectively.  
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The particle morphology of each powder was observed in a Phenom ProX 

Desktop (Eindhoven, the Netherlands) scanning electron microscope (SEM). The 

powder size distribution was determined with a laser diffraction particle sizing 

analyzer LS 13 320 Model Dry Powder System (CA, USA).

6.2.2 Bipolar plates manufacturing and process parameters

Both powders were sprayed with the high pressure CGS equipment 

Plasma Giken PCS 100 (Saitama, Japan) on grit-blasted steel substrates with a 

1 mm thickness. Both Ti-I and Ti-S where sprayed with the following the optimized

CS parameters for this material: 6.5 MPa, 1000 ºC, and 25 mm SoD. 

The BPPs were fabricated using the masked CSAM process detailed in 

Chapter 3 section 3.3.4, and shown in Figure 6.2, using a laser-cut steel mesh 

masks with different patterns: big squares (mesh with squared holes 3 x 3 mm), 

small squares (mesh with squared holes 1.5 x 1.5 mm), rows, and cylinders.

Figure 6.2. CSAM masking process.

For the manufacturing of the BPPs, a substrate was first coated by

spraying a base layer that served as the bottom surface of the flow-fields. Then, 

a mesh was attached to the substrate plate for a second spray, which built up the 

pin fins forming the flow-field of the plates. Finally, the mask was removed to 

obtain the finished BPPs. These first two steps are illustrated in Figure 6.3.
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Figure 6.3. Masked CSAM process steps: (1) Ti base layer and (2) mesh setup 

6.2.3 Microstructure, mechanical properties & adhesion 

The microstructural characterization and the mechanical properties of the 

BPPs with both powders were determined. The metallographic preparation of all 

samples was completed according to the standard ASTM E1920-03(2014). The 

cross-sectional surface of the polished samples was analyzed with the optical 

microscope (OM) Leica DMI5000M (Wetzlar, Germany). The image analysis 

software ImageJ (v. 153e) was used to determine the mean porosity according 

to the standard ASTM E2109-01(2014). The profilometer SJ-210 Mitutoyo 

(Kawasaki, Japan) was used to obtain the superficial roughness of the BPPs. The 

Vickers microhardness was calculated from 10 indentations for each sample, 

following standard ASTM E384-17 with 0.2 kgF using Shimadzu HV-2/HMV-2T 

(Tokyo, Japan) equipment. 

The adhesion of the deposits with the substrate was tested with equipment 

SERVOSIS ME 402-10 (Madrid, Spain) following the ASTM C633-13 standard. 

Three samples of each material were evaluated by adhering them to a grit-blasted 

counterpart with the adhesive HTK Ultrabond 100 (Hamburg, Germany); a tensile 

test at a rate of 0.01 mm/s was performed until failure. 

6.2.4 Bipolar plates profile & 3D topography 

To evaluate the dimensions and superficial characteristics of the different 

patterns, the profilometry of the samples, along with their 3D topography was 

evaluated with confocal microscope Sensofar Plu2300 (Catalonia, Spain).  
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6.2.5 Electrochemical experiments 

The corrosion resistance of sprayed materials was tested by subjecting a 

1 cm2 sample to electrochemical measurements under similar conditions to those 

experimented in the anodic side of an operating PEM electrolyzer. The 

experiments were performed in a 0.5 M H2SO4 solution with oxygen saturation. 

To assess the corrosion behavior, polarization curves were recorded using a VSP 

potentiometer. The polarization curves were generated by varying the potential 

from -100 to 2400 mV compared to the open circuit potential (EOCP). 

Subsequently, Tafel fit extrapolation method was evaluated with EC-Lab software 

(V10.44) to determine Ecorr (corrosion potential) and Icorr (corrosion current). 

These potentials were chosen to show the corrosion properties of both powders 

within the potential range of an operating PEM electrolyzer.  

To assess the stability of the materials, they were immersed in a 0.5 M 

H2SO4 solution and subjected to a constant potential of 2 V for 100 hours. The 

Ecorr and Icorr were measured both before and after the stabilization test. 

Subsequently, all samples evaluated after the stability test are referred to as 

"post-mortem" samples. 

6.2.6 Interfacial contact resistance 

The powders were cold-sprayed onto both sides of a 9 cm2 steel substrate 

with 1 mm of thickness. The sprayed samples were subsequently grinded on both 

sides with a 120 SiC paper until 1 mm of Ti coating remained on each side. To 

determine the interfacial contact resistance (ICR), the approach proposed by 

Wang et al. [19] based on the Davies' method [20] was employed. In this modified 

method, the ICR was measured in two setups: first, the Ti sample was placed 

between two pieces of Toray conductive carbon paper and two copper plates, 

and second, only one piece of Toray paper was inserted between the copper 

plates. The final ICR was calculated with the ICR difference of both setups. 

For this, a compaction force ranging from 0.25 to 2 kN/cm2 was applied 

using the SERVOSIS ME 402-10 (Madrid, Spain) equipment. For each setup and 

compaction force, a current of 1 A was passed (between the copper plates) using 

the DC power supply LABPS1503 (Gavere, Belgium). The voltage drop across 
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the system was measured using the HP 3458A multimeter and calculated 

employing Ohm's law equation (3).

Equation 6.3

The ICR was measured before and after the post-mortem experiment. For 

more details see Chapter 3 section 3.4.2.12.

6.3 Results and Discussion

6.3.1 Feedstock powder

The selection of the feedstock powder in the CS process is of vital 

importance, as it not only affects the properties of the final deposit, but also has 

a great influence on the total cost of the process [21]. In addition, the morphology 

and particle size distribution of the powders are key factors influencing the 

deposition efficiency and the final quality of the coatings. Figure 6.4 and Table 6.1

show the SEM micrographs, as well as the mean particle size of both powders, 

respectively. The SEM micrographs exhibit the morphology for both powders. As 

expected, powder Ti-I exhibited irregular particles, while powder Ti-S showed 

spherical particles. These images also show the variation of the particle sizes. 

Despite both powders having a similar mean particle size, Ti-I presented a 

broader size distribution compared to Ti-S, which could impact the shape of the 

deposits due to the deflection of large particles with the mesh.

Figure 6.4. SEM micrographs of the powders.
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Table 6.1. Mean particle size of the feedstock powders. 

Powder Shape Mean Particle Size (μm) d10 (μm) d90 (μm) 
Ti-I Irregular 40.1 ± 2.8 9.7 ± 0.8 89.5 ± 6.4 

Ti-S Spherical 36.2 ± 2.2 20.8 ± 3.1 56.4 ± 4.4 

 

Some studies have focused on evaluating the effects of powder 

morphology on coating properties such as porosity, microhardness, mechanical 

properties and deposition efficiency [22,23]. Vaz et al. [22] evaluated the 

properties of SS 316L CS coatings sprayed with different powders under the 

same conditions. Their findings indicated that there is no distinct advantage to 

using spherical powder over irregular powder in terms of coating quality, 

mechanical properties, resistance to corrosion, and resistance to abrasive 

conditions. Furthermore, Wong et al. [23] investigated the influence of different 

morphologies of pure Ti powder on coating properties. Although their results 

demonstrated that spherical powder exhibited the highest deposition efficiency, 

the irregular powder showed similar porosity values to those of the spherical 

powder. Consequently, spraying irregular powders can produce coatings with 

characteristics very similar to those of spherical powders under the optimal 

spraying conditions, with the added advantage of being more cost-effective.  

6.3.2 Bipolar plates profile & 3D topography 

One of the major problems of the large-scale production of PEM 

electrolyzers is the high costs of the BPPs. Since these plates require a material 

that can withstand aggressive acidic conditions, while being able to be electrically 

conductive, only a few materials are good candidates [4]. In general, metallic 

BPPs are commonly produced through methods such as stamping, hydroforming, 

and milling [24]. Nonetheless, these processes further limit the range of materials 

that can be effectively used, including titanium, due to its limited ductility at room 

temperature [25]. This limitation affects the accurate production of BPP with flow 

flied channels in the range of hundreds of microns. As mentioned before, there 

are only a few studies available in the literature regarding the additive 

manufacturing of BPPs, and none of them specifically explore titanium.  
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Figure 6.5 shows the resulting Ti patterned surfaces produced by CSAM 

that correspond to the flow field channels of a BPP. As previously indicated, four 

different patterns were investigated in this study starting from squared flow-fields 

of different dimensions (Figures 6.5 A-B), up to other patterns composed of rows 

or cylinders (Figures 6.5 C-D).

Figure 6.5. CSAM BPPs with different flow-field patterns. (A) big squares, (B) small 
squares, (C) rows, (D) cylinders.

The importance of the accurate manufacturing of the flow field channels 

lies on the crucial role that the design of the flow-field plays in optimizing the 

operation efficiency of the PEM electrolyzers. Particularly, the BPPs not only act 

as a conductive and support component of the PEM electrolyzers but they should 

distribute and maintain a uniform flow throughout its surface. Achieving a uniform 

flow helps to reduce the internal cell resistance and to prevent the risk of localized 

corrosion [26]. For this reason, BPPs with several patterns and sizes were 

sprayed in this work. 

In addition to the flow-field design, achieving homogeneity in the 3D printed 

pins is essential to maintain an optimal contact with the gas diffusion layers, 

thereby minimizing the interfacial contact resistance and ensuring a uniform 

pressure in the cell [27]. To assess the homogeneity of the Ti deposits by CSAM, 

the 3D topography and the profile characteristics of the pins were evaluated using 

confocal microscopy.  Figure 6.6 shows the flow-field dimensions exhibited by the 

3D topography evaluation. Overall, the pins were uniformly distributed with similar 

heights, regardless of the pattern. However, it was observed that, in all cases, the 

pins tended to grow exhibiting a pyramid shape. This phenomenon is a 

characteristic of the CSAM process, attributed to the velocity profile of the 
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particles during the deposition; the particles in the core achieve greater velocity, 

promoting more deposition in the center of the jet than in its periphery [28]. 

Figure 6 6. 3D topography of different CSAM BPPs patterns. (A) Ti-S small squares, 
(B) Ti-I small squares, (C) Ti-I cylinders, (D) Ti-S rows.

In the Figures 6.7 and 6.8 the profiles of the Ti patterned coatings 

produced with both powders (Ti-I and Ti-S) are shown with their corresponding 

microstructures, using squared patterns of two distinct dimensions (3 x 3 mm and 

1.5 x 1.5 mm, respectively). 

In the case of the 3 x 3 mm pattern, the pin fins of both powders were 

coated with an identical number of layers (Figure 6.7) in order to study the effect 

of the deposition efficiency of the powder in the final characteristics of the deposit. 

As observed in Figure 6.7, squared pin fins of big dimensions were obtained using 

this pattern. Despite being sprayed with the same layers, powder Ti-S was shown 

to almost double the height of powder Ti-I. This difference is attributed to their 

distinct morphologies; as mentioned before, spherical powders are known to 

have a higher deposition efficiency than irregular powders [23,29]. Therefore, 

under the same parameters, the morphology of the powder directly influences the 

total height of the Ti 3D coatings.
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Figure 6.7. Profiles and cross-sectional optical microscope (OM) surface images of the 
3D big squared patterns of the CSAM BPPs. 

Figure 6.8 exhibits the 3D profiles of the Ti coatings produced with a 1.5 x 

1.5 mm pattern. In this case, number of deposition layer adjustments were made 

to attain a height comparable to a commercial standard BPP. The profiles of the 

3D coatings (Figure 6.8) revealed that the width and height of the pin fins can be 

tailored with accuracy based on the dimensions of the inverse pattern cut in the 

mask.  

In the same way, the cross-sectional microstructure of the squared 

patterns of powders Ti-I and TI-S are also shown in Figures 6.7-6.8. Overall, it 

was observed that the width of all the samples was consistent with the 

dimensions of the mesh. For the big squares (Figure 6.8 A-B), a mesh with voids 

of 3 x 3 mm was used, leading to a width of the pins of 2.94 ± 0.05 mm for Ti-I, 

and 2.34 ± 0.10 mm for Ti-S. Furthermore, the small squares (Figure 6.8 C-D) 

showed similar results; for the mesh with squared voids of 1.5 x 1.5 mm, the pins 

showed a width of 1.26 ± 0.05 mm (Ti-I) and 1.48 ± 0.10 mm (Ti-S). This revealed 

that even though there was some interference of the mesh with the particle 

deposition, the pins grew with similar dimensions as the voids in the masks. 

Consistently with the 3D topography, the tendency of all powders to form pins 

with a pyramid shape was also observed.  

Moreover, the sprayed Ti deposits showed a higher superficial roughness 

than the commercial BPP. This rough surface is very common in CSAM deposits 

due to the impact of the particles. Hence, to ensure adequate contact of the BPPs 
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inside the electrolyzer cell, post-process step to reduce the superficial roughness 

is recommended.  

 

Figure 6.8. Profiles and cross-sectional optical microscope (OM) surface images of the 
3D small squared patterns of the CSAM BPPs compared to a commercial standard. 

6.3.3 Microstructure, mechanical properties & adhesion  

In addition to the dimensional characteristics of the BPPs, the evaluation 

of their microstructure is very important, as intrinsic defects like cracks or pores 

may be present. To minimize these defects, the selected spraying parameters 

need to be optimized. Although CS is a suitable technology to process Ti, the 

literature reports challenges in obtaining dense parts, with porosities reported to 

be as high as 20% [30].  

Table 6.2 shows the microstructural results for porosity, roughness, 

microhardness, and adhesion strength of the Ti-S and Ti-I small squares. In 

particular, the powder Ti-S presented a slightly higher porosity (6 ± 1%) compared 

to the irregular powder (4 ± 1%). These results are consistent with the work of 

Wong et al. [23] in which the porosity of several CS Ti coatings was evaluated 

based on powder morphology, resulting in porosity values of 3% and 5% for 

irregular and spherical powders, respectively. It is worth indicating that in all 

cases, a denser microstructure is exhibited in the center of the pins than on the 

edges. This may be attributed to the interference of the mesh with the in-flight 

particles, as well as to a lack of tampering effect of subsequent particles in these 
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walls. This phenomenon has also been observed in other works that studied the 

masked CSAM process [31,32]. For instance, Cormier et al. [32] characterized Al 

and SS 316L pyramidal fin arrays manufactured with masked CSAM. Their 

findings revealed that the Al fins presented a porosity distribution in which the 

core resulted denser than the exterior layers. However, the SS 316L fins exhibited 

a homogeneous porosity. The authors attributed this difference to the bonding 

characteristics of both powders; the core Al particles were more prone to 

compaction by the impact of the subsequent particles compared to SS 316L. In 

the same way, cold sprayed Ti coatings are well known to be sensitive to this 

tampering effect, typically Ti deposits exhibit a porosity distribution in the first 

layers tend to be denser compared to the external layers [30].  

Table 6.2. Microstructural characteristics & adhesion of the small squares pin fins. 

Sample 
Porosity 

(%) 
Roughness 

(Ra, Rz) 
Microhardness 

(HV0.2) 
Adhesion 

(MPa) 
Ti-I 4 ± 1 (17 ± 2, 78 ± 6) 171 ± 17 59 ± 2 

Ti-S 6 ± 1 (16 ± 4, 67 ± 9) 193 ± 23 45 ± 5 

 

As mentioned before, both powders presented a high superficial 

roughness of Ra 17 ± 2 and Rz 78 ± 6 for Ti-I, and Ra 16 ± 4 and Rz 67 ± 9 for 

Ti-S. These values could affect negatively the conductivity needed in the cell due 

to a poor contact between the BPPs and the GDL. For this reason, a post-process 

step is recommended to ensure a close contact between all elements in the PEM 

electrolyzer stack.  

Another significant aspect when manufacturing BPPs with CSAM is the 

adhesion of the patterned coatings to the substrate. An inadequate adhesion of 

the 3D pattern can impede an efficient functionality of the plates. The bonding 

strength between the sprayed powders and the substrate was evaluated, 

revealing that both of them exhibited cohesive failures at 59 ± 2 MPa for Ti-I, and 

45 ± 5 MPa for Ti-S, indicating a proper bonding strength between the coating 

and the substrate. 

In general terms, CSAM is an efficient method capable of processing 

titanium in its solid state, making it possible to produce BPPs with customized 

flow-fields within a few minutes and to overcome the challenges of other 
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traditional methods such as stamping or machining. The masked technology 

allowed to customize the size and shape of the flow fields by adjusting the 

quantity of layers sprayed and the patterns of the mesh.  

6.3.4 Electrochemical experiments 

To ensure a long-term durability and efficient functioning of the 

electrolyzer, a fundamental requisite for the BPPs is their inherent resistance to 

corrosion. In particular, the anodic side of the plate is subjected to an aggressive 

chemical acidic environment originating from the electrochemical reactions 

responsible for the splitting of the water molecules [4]. Only a limited number of 

materials have the characteristics to effectively operate at such conditions. 

Laedre et al. [4] studied the corrosion properties and ICR of non-coated materials 

at the conditions experienced in a PEM water electrolyzer. These materials 

included Mo, W, SS 316L, SS 304L, IN625, Nb, Ta, and Ti. This study revealed 

that, among these materials, Nb, Ta, and Ti demonstrated an excellent corrosion 

resistance. However, after prolonged polarizations their ICR was significantly 

increased. Langemann et al. [33] designed a set of experiments to determine 

candidate coating materials for SS 304 BPPs, based on their resistance to 

corrosion under the pH conditions found in an operating PEM water electrolyzer. 

It was found that under high potentials the pH value dropped significantly in the 

anode side of the electrolyzer. Under these conditions the authors proposed Au 

and TiN as coatings solutions for corrosion resistance enhancement, however 

even Au and TiN coated components revealed signs of corrosion after exposition 

to 0.5 M H2SO4 solution. Conversely, Lettenmeier et al. [34] coated SS BPPs with 

Ti by Vacuum Plasma Spraying (VPS) which was subsequently top-coated with 

Pt by magnetron sputtering Physical Vapor Deposition (PVD). The assessment 

of the Pt-coated BPPs in a commercial PEM electrolyzer for 1000 h revealed that 

the duplex Pt-Ti coatings fully protected the SS substrate, while achieving an 

excellent cell durability. 

In this work, the CSAM Ti BPPs were tested as a basis for determining its 

resistance to corrosion without a top coating. A bulk Ti plate was also tested for 

comparative reasons. For this, corrosion measurements were performed with a 

three-electrode cell in the rage potential of -0.1 V to 1.8 V vs Ag/AgCl, which is 

the potential range that can be found in an operating PEM electrolyzer cell. 
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Figure 6.9 shows the polarization curves recorded, while Table 6.3 shows the 

corrosion resistance results Ecorr and Icorr.

Figure 6.9. Polarization curves showing electrochemical stages (1) cathodic, (2) active 
zone, (3) passivation processes.

The polarization curves were recorded in the range potential of -0.1 V to 

1.8 V vs Ag/AgCl to study the stability of the oxide film formed in the surface of 

the samples during the anodic corrosion. Of the three different zones typically 

observed for the corrosion processes (1. cathodic region, 2. active zone, and 3. 

passivation processes), the last two represent the anodic behavior of the samples 

[12]. 

All the tested samples showed an active zone (zone 2), representing the 

point at which the corrosion current reaches its maximum point before starting 

the passivation processes. Samples Ti-S and the Ti Bulk showed a subtle active 

peak, while the Ti-I exhibited a more prolonged active zone to higher current 

densities. Following the active zone, an oxide film began to form on the surface 

of all samples, inducing material passivation. This protective film caused a drop 

in the corrosion current, which remained stable until the potential reached 1.8 V. 

For some materials, during this passivation region (zone 3) the oxide film can 

break, causing a steep rise in the corrosion current, generating pitting corrosion 

[35]. None of the materials tested in this study exhibited this behavior, hence their 



170 
 

oxide films are stable enough within the operating potential range of a PEM 

electrolyzer. 

As for the corrosion potential Ecorr results, shown in Table 6.3, all samples 

exhibited similar values; -614 ± 9 mV for Ti-I, -665 ± 14 mV for Ti-S, and -

640 ± 17 mV for the Ti Bulk. Similar corrosion current densities to those reported 

by Laedre et al. [4] for Ti plates were measured for the new Ti CSAM surfaces. 

Despite of this, a clear difference in the Icorr between the Ti CSAM powders and 

the Ti Bulk, with values of 250 ± 14 μA/cm2 for Ti-I, 220 ± 10 μA/cm2 for Ti-S, and 

15 ± 4 μA/cm2 for the Ti Bulk, is observed. As expected, the bulk exhibited a 

better resistance to corrosion than the manufactured BPPs by CSAM, which is 

attributed to the intrinsic defects within the microstructure of the CSAM BPPs. 

This behavior aligns with the work of Hussain et al. [35], who observed a 

correlation between the corrosion resistance of CS Ti and its porosity due to an 

increased surface area. Additionally, these values are consistent with the results 

obtained by Laedre et al. [4] on the potentiostatic tests; current densities of 

170 μA/cm2 for the Ti plates were reported. 

Table 6.3. Corrosion resistance results. 

Sample Ecorr (mV) Icorr (μA/cm2) Corrosion rate (mm/yr) 
Ti-I -614 ± 9 250 ± 14 2.2x10-3 ± 1.2x10-4 

Ti-S -665 ± 14 220 ± 10 1.9x10-3 ± 8.8x10-5 

Ti Bulk -640 ± 17 15 ± 4 1.3x10-4 ± 3.5x10-5 

 

To determine the stability of the Ti surfaces produced by CSAM, the 

samples were immersed in a 0.5 M H2SO4 solution and subjected to a constant 

potential of 2 V for 100 hours. Figure 6.10 shows the Ecorr and Icorr results before 

and after the post-mortem tests for all the samples. In particular, the Ti-Bulk 

maintained its corrosion resistance values before and after the post-mortem 

tests. However, the two cold-sprayed Ti coatings showed higher higher Ecorr and 

lower Icorr values, attributed to the formation of a stable and thick superficial oxide 

layer which is clearly affecting the electrochemical response of the surface and, 

which appearance is consistent with the behavior of both materials shown in the 

polarization curves in Figure 6.9. This stable protective layer allows for these Ti 

surfaces deposited by CSAM to perfectly withstand the aggressive conditions of 
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the electrolyzer cell without corroding however it might have a detrimental effect 

in their final electrical conductivities.

Figure 6.10. Corrosion resistance results before and after the post-mortem tests.

6.3.5 Interfacial contact resistance

Since PEM water electrolyzers require an energy input, the electrical 

resistance of the entire cell must be as low as possible for it to operate at its 

maximum efficiency. It has been shown that the most critical point for ohmic 

losses is at the point of contact between the BPP and the gas diffusion layer [36]. 

Therefore, the electrical resistance of the plates must be maintained as low as 

possible. 

Figure 6.11 shows the results of the interfacial contact resistance tests at 

different compaction forces, based on the approach of Wang et al. [19]. The ICR 

values for all materials diminished as higher compaction pressures were applied, 

which is attributed to an enhancement in the superficial contact area. In general, 

the Ti Bulk demonstrated lower ICR values compared to both Ti patterned 

surfaces produced with Ti-I and Ti-S powders by CSAM. This shift is attributed to 

the inherent defects present in the CSAM process, such as pores and inter-

particle boundaries. On the other hand, no important differences in the ICR values 

were found between the CS powders, which suggests that the electrical 

conductivity is determined by the nature of the material and not the morphology 

of the powder. Particularly, at a compaction pressure of 150 N/cm2 ICR values of 

42 ± 19, 40 ± 13, and 24 ± 7 mΩ·cm2 were obtained for Ti-I, Ti-S, and Ti Bulk, 

respectively; all of these values are consistent with other studies found in the 

literature [37,38]. Although these values are higher than what the DOE target sets 
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(ICR < 10 mΩ·cm2 at 140 N/cm2), CSAM is still a feasible process for the 

production of BPPs. 

Figure 6.11. Interfacial contact resistance at different compaction pressures.

Another key property of the BPPs is their ability to maintain their electrically 

conductive properties at the same time as they maintain their resistance to 

corrosion. Figure 6.12 compares ICR values for all the samples before and after 

the 100 h post-mortem tests. 

Figure 6.12. Interfacial contact resistance at 150 N/cm2 before and after the post-
mortem tests.

In all cases, after the post-mortem tests, there was a notable increase in 

the ICR, indicating that the oxide layer formed on the surface impeded the 

conductivity of the specimens after 100 h, in agreement with the results observed 

in the electrochemical tests. This effect was more evident in the CSAM samples, 
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in which the permeation of H2SO4 through the superficial pores may have 

contributed to a more pronounced corrosion, decreasing the electrical 

conductivity of the BPPs. In future studies, strategies to address the decrease of 

the ICR value for CSAM BPPs are encouraged, for example, the application of 

PVD coatings [14].  

6.4 Conclusions 

This study establishes an efficient methodology for the production of 

Bipolar Plates using the Cold Spray Additive Manufacturing technology with 

customized flow-fields within a few minutes, overcoming the challenges of other 

traditional methods such as stamping or machining. To summarize, the following 

key findings can be concluded: 

-The masked CSAM process allowed to manufacture Ti BPPs with 

customized flow-fields within a few minutes. The produced pin fins that make of 

the flow-fields were homogeneous, presenting the same shape and size:  the 

mesh with voids of 3 x 3 mm lead to a width of the pins of 2.94 ± 0.05 mm for Ti-

I, and 2.34 ± 0.10 mm for Ti-S, while the mesh with squared voids of 1.5 x 1.5 

mm, resulted in pins with a width of 1.26 ± 0.05 mm for Ti-I and 1.48 ± 0.10 mm 

for Ti-S. 

-The CSAM Ti BPPs presented porosity values of 6 ± 1% and 4 ± 1% for 

powders Ti-S and Ti-I, respectively. Both deposits exhibited a high superficial 

roughness, hence a final post-processing step is suggested to ensure a good 

contact of the BPP in the cell.  

-The evaluation of the corrosion resistance of the CSAM Ti patterned 

coatings showed that for both Ti-S and Ti-I powders a stable oxide film at the 

typical operation potential (1.8 V vs Ag/AgCl) of a PEM water electrolyzer was 

formed. No signs of pitting corrosion were observed in the range of potentials 

under assessment confirming the high stability and resistance of these Ti 

surfaces to acidic environments.  

-At a compaction pressure of 150 N/cm2 ICR values of 42 ± 19, 40 ± 13, 

and 24 ± 7 were obtained for Ti-I, Ti-S, and Ti Bulk, respectively. Furthermore, 

after the post-mortem tests, there was a notable increase in the ICR, indicating 
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that the oxide layer formed on the surface impeded the conductivity of the 

specimens. 

-The morphology of the powder only has an influence on the deposition 

efficiency. The resistance to corrosion and ICR properties are dependent on the 

nature of the material. Therefore, using an irregular powder contributes to a cost-

effective manufacturing of BPPs. 
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Chapter 7: Global Discussions 
 

This chapter summarizes the results obtained throughout this thesis and 

discusses the contributions of Chapters 4-6 in addressing the challenges 

previously identified for the CSAM technology in Chapter 2. In addition, the impact 

of the studied deposition strategies on the implementation of CSAM technology 

in relevant applications is explored.                                                                                                  
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Chapter 7: Global Discussions 

In this chapter, the results from Chapters 4-6 are summarized and 

discussed in relation to the main objective of this thesis: “To investigate the CSAM 

process variables and deposition strategies for its further development and 

application as an additive manufacturing technology.” 

Each chapter in the Results & Discussion section addressed the 

challenges described in the Scope of work (Chapter 2), by investigating various 

deposition strategies focused in the implementation of the CSAM technology on 

relevant applications and its development as an AM technology. These 

challenges highlight the research gaps that need to be investigated in the CSAM 

field, including a precise control over the geometrical shape of the deposits 

(Challenge 1), inferior mechanical properties in comparison to bulk materials 

(Challenge 2), debonding between deposit-substrate due to excessive residual 

stresses for repair applications (Challenge 3), poor deposition of hard materials 

(Challenge 4), and topography control of patterned CSAM parts (Challenge 5). 

Robot path trajectories 

The geometric control (Challenge 1) of the CSAM parts is limited due to 

two factors: the layer thickness for each layer, which depending on the feedstock 

material can range between 50 μm and 200 μm, and second to the spraying spot 

size and the inherent velocity distribution of the particles at the exit of the nozzle 

that causes the deposits to grow with a pyramidal shape [1,2]. In CSAM, the robot 

path trajectory is defined as the movement that the nozzle follows during the 

spraying process. The primary objective of this trajectory is to produce a 

homogeneous deposit on the substrate surface with a desired geometry [3]. In 

this sense, Chapter 4 evaluated two robot path trajectories (Traditional and Metal 

Knitting) for the reconstruction of damaged parts of various materials (Cu, Al, Ti, 

and Ti6Al4V) back to their original state. In this work it was found that the 

Traditional (T) trajectory (movement at a normal angle) was restricted to pyramid-

shaped deposits with a limitation in height. Therefore, another toolpath known as 

Metal Knitting (MK) was evaluated. MK involves the deflection of the nozzle at an 

angle while moving it in circular ways. With this robot path trajectory, a geometric 

control was achieved, since straight walls of all the materials with a theoretical 
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unlimited height were able to be deposited without detachment, as shown in 

Figure 7.1.

Figure 7.1. Images of the as-sprayed samples produced by (a,c) T and (b,d) MK 
strategies.

Heat treatments

It is well-known that CS as-sprayed deposits can exhibit mechanical 

properties that are less favorable compared to bulk materials, including reduced 

strength, ductility, electrical and thermal conductivity, as well as wear resistance

[3]. This behavior is attributed to inherent defects that may arise from the spraying 

technology. During the coating build-up, the particles are plastically deformed and 

compacted in the solid state; when processing materials with limited ductility or 

sprayed under low impact velocities, microstructural flaws such as micropores 

and interparticle boundaries may appear [4]. In addition, as CSAM parts are 

sprayed layer by layer with particles impacting the growing surface of the 

substrate, residual stresses typically emerge within the deposit; an excessive 

accumulation of these residual stresses in thick deposits may affect their integrity, 

leading to issues such as debonding or delamination [5]. In repair applications, 

adequate performance and strong adhesion of the restored parts are essential 

requirements. Therefore, the effect of annealing heat treatment on improving the 

mechanical properties (Challenge 2) and its influence on the adhesion strength 

(Challenge 3) deposit-substrate was also evaluated in Chapter 4. In general 

annealing was found to be an effective deposition strategy to densify the 

microstructure of the CSAM reconstructed parts by improving cohesion between 

the particles and adhesion with the substrate do to the diffusion and 

recrystallization processes induced by the annealing, resulting in a reduction in 
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porosity from 6 ± 2% to 4 ± 1% for Cu, 10 ± 4% to 7 ± 2% for Al, 12 ± 3% to 8 ± 

2% for Ti, and 21 ± 5% to 16 ± 3% for Ti6Al4V between the MK as-sprayed and 

the HT deposits. Furthermore, the results indicated that all MK as-sprayed 

samples showed adhesive failures at the deposit−substrate interface with values 

below 30 MPa, suggesting a poor bonding between the remanufactured part and 

the substrate. Conversely, the MK-Cu, -Ti, and -Ti6Al4V HT samples presented 

a cohesive failure with increased tensile strength values, 43 MPa, 114 MPa, and 

160 MPa than their as-sprayed counterparts, respectively. This further confirms 

that annealing is an adequate strategy to increase the bonding between particles 

and substrate. In addition, it was found that the more ductile materials (Cu and 

Al) demonstrated comparable characteristics to bulk materials in terms of 

mechanical properties and resistance to abrasive and erosive wear, while for the 

harder to deform materials (Ti and Ti6Al4V) the combination of the Metal Knitting 

strategy and annealing was insufficient to achieve the high-performance deposit 

properties needed in certain repair applications, which indicated that other 

deposition strategies needed to be explored.  

Substrate preheating 

Even though that CSAM has been used for a wide range of materials, only 

particles with enough ductility at the impingement conditions can be deposited to 

produce dense parts [6,7]. Therefore, high strength materials (e.g. Ti and its 

alloys and Ni based alloys) can be challenging to deposit. A crucial variable 

during the CSAM deposition is the substrate, since it has been shown that its 

temperature significantly affects the quality of the CS deposit [8,9]. Hence, 

Chapter 5 investigated the substrate preheating deposition strategy for obtaining 

well-bonded deposits (Challenge 3) of high-strength materials (Challenge 4) for 

repair applications. In this study, the effect of substrate preheating on the 

microstructure, thickness, and adhesion strength of IN718 CSAM deposits was 

investigated. It was found that the effect of the substrate preheating on the 

microstructure densification of the samples was notable, especially on the first 

deposited layer, where the temperature transfer from the substrate was more 

influential. This is attributed to an enhanced plastic deformation of the particles 

when impacting a surface at a higher temperature, promoting metallurgical 

bonding and micro welding between particles-substrate and particles-particles 
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[10]. In this sense, the sample preheated at 400 ºC sprayed with 40 layers 

presented a fully dense microstructure (99.9%) comparable to an IN718 bulk part, 

which suggests that substrate preheating during CS is a successful strategy for 

spraying dense deposits of high-strength materials. In addition, the adhesion 

mechanisms between particles and substrate were evaluated by observing the 

deformation of single impact splats, since the adhesion strength of the CS IN718 

deposits on IN718 substrates is a critical requirement for ensuring adequate 

performance in repairing applications [3,11]. The particles in all cases were well 

attached and were plastically deformed with evidence of the metal jetting 

phenomenon, as shown in Figure 7.2 [12–14]. 

Figure 7.2. SEM images of single splats of RT, 250, and 400 substrate preheating 
temperatures.

The particles’ cross-section showed the particle-substrate interaction with 

detail; the particles sprayed onto the RT substrate only formed a slight jet, and 

their impact caused a slight deformation of the substrate. In this case, a gap at 

the center-bottom of the particles was present, which can be attributed this 

discontinuity in the interface to the higher temperature of the particles at the 

periphery than at the center, indicating that a lower temperature is reached in this 

center-bottom part of the particle, consequently hindering the bonding [15]. The 

same gap was observed in some of the particles sprayed onto the substrates 

preheated at 250 ºC; however, for the substrates preheated at 400 ºC, this void 

was almost nonexistent, indicating that the temperature of the substrate 

promoted adhesion [15–18]. Overall, thick deposits (> 1 mm) were successfully 

obtained with strong adhesion (> 40 MPa in all cases) with the substrate and no 
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signs of delamination within the CS deposit. These findings demonstrate 

significant potential for the implementation of substrate preheating during CSAM

in repairing applications that involve this alloy.

Masked CSAM

Finally, the geometric limitations (Challenge 1) of the CSAM technology in 

terms of fabrication of complex-shaped patterned parts with controlled 

topography (Challenge 5) was addressed in Chapter 6. In this study, the 

implementation of masks during deposition was used for the manufacture of Ti 

patterned parts for their application as bipolar plates (BPPs) for Proton Exchange 

Membrane (PEM) electrolyzers, and its performance in terms of corrosion 

resistance and interfacial contact resistance was evaluated. The importance of 

the controlled topography of the flow field channels lies on the crucial role that 

the design of the flow-field plays in optimizing the operation efficiency of the PEM 

electrolyzers. Particularly, the BPPs not only act as a conductive and support 

component of the PEM electrolyzers but they should distribute and maintain a 

uniform flow throughout its surface [19]. Achieving a uniform flow helps to reduce 

the internal cell resistance and to prevent the risk of localized corrosion [20]. For 

this reason, BPPs with several patterns and sizes were sprayed in this work; four 

different patterns were investigated in this study starting from squared flow-fields 

of different dimensions (Figures 7.3 A-B), up to other patterns composed of rows 

or cylinders (Figures 7.3 C-D).

Figure 7.3. CSAM BPPs with different flow-field patterns. (A) big squares, (B) small 
squares, (C) rows, (D) cylinders.

Overall, it was observed that the width of all the samples was consistent 

with the dimensions of the utilized mask. For the big squares a mesh with voids 

of 3 x 3 mm was used, leading to a width of the pins of 2.94 ± 0.05 mm for Ti-I, 

and 2.34 ± 0.10 mm for Ti-S. Furthermore, the small squares showed similar 
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results; for the mesh with squared voids of 1.5 x 1.5 mm, the pins showed a width 

of 1.26 ± 0.05 mm (Ti-I) and 1.48 ± 0.10 mm (Ti-S). This revealed that even 

though there was some interference of the mesh with the particle deposition, the 

pins grew with similar dimensions as the voids in the masks. Therefore, the 

masjed CSAM is an efficient deposition strategy capable of processing titanium 

in its solid state, making it possible to produce BPPs with customized flow-fields 

within a few minutes and to overcome the challenges of other traditional methods 

such as stamping or machining. The masked technology allowed to customize 

the size and shape of the flow fields by adjusting the quantity of layers sprayed 

and the patterns of the mesh.  

In this thesis, several CSAM deposition strategies were studied to advance 

its development as an AM technology, with a focus on implementing it in relevant 

applications, particularly in the repair and reconstruction of damaged parts of a 

wide range of materials, as well as the fabrication of complex-shaped or patterned 

parts for the energy storage industry. Each of the implemented deposition 

strategies (robot path trajectories, heat treatments, substrate preheating, and 

masking technique) allowed to address the current challenges of the CSAM 

technology and contributed to expanding its applicability within the field of AM.  
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Chapter 8: General Conclusions 
 

This chapter summarizes the overall conclusions derived from the studies 

presented this thesis. 
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Chapter 8: General Conclusions 

In this PhD thesis, various CSAM deposition strategies were evaluated for 

its further development and application as an additive manufacturing technology. 

In Chapter 4 the impact of the optimization of two robot path trajectories 

on the geometry, microstructure and mechanical properties was evaluated. 

Moreover, the effects of heat treatment annealing on the adhesion, resistance to 

erosive and abrasive wear of the CSAM components were tested. From this 

Chapter, the following conclusions have been drawn:  

-The CSAM Traditional (T) strategy is not suitable for the production of 

thick coatings with strict geometric tolerance, because as the deposits are 

sprayed, a pyramid-shaped part starts to grow.  

-The Metal Knitting (MK) toolpath is an effective CSAM deposition strategy 

for the reconstruction of metallic parts compared to the T method. With MK, 

straight walls of different materials with unlimited height and without detachment 

of the deposits can be obtained. However, the deposition angle reduces the 

plastic deformation of the particles, increasing porosity within the microstructure 

and hindering adhesion with the substrate. 

-Regardless the feedstock material, annealing was found to be an effective 

HT process to tailor the microstructure of the samples by improving the cohesion 

between particles and adhesion with the substrate, as well as densifying the 

deposited counterparts.   

-The Cu and Al samples fabricated with MK followed by annealing showed 

similar characteristics as the bulk materials in terms of mechanical properties and 

resistance to abrasive and erosive wear, suggesting that the manufacturing of 

these materials by CSAM MK followed by annealing could be comparable to other 

bulk production methods. 

-The porosity and low particle−particle cohesion observed in the 

microstructure of the MK-Ti and MK-Ti6Al4V samples were not significantly 

enhanced, even after the annealing treatment, which explains their low resistance 

to erosive and abrasive wear in comparison to the bulk. For these alloys showing 

high critical impact velocities, the results of this study suggest that the 
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combination of MK and a heat-thermal treatment might be insufficient to achieve 

the deposit properties needed in certain applications and other densification 

strategies should be explored. 

Additionally, in Chapter 5, the effects of substrate preheating on the 

deposition of high-strength materials were investigated in terms of porosity and 

adhesion strength. From this work, the following points were concluded: 

-The substrate preheating improved the bonding strength, adhesion, and 

cohesion of CS IN718 deposits by softening the substrate, which improved the 

materials’ plasticity. 

-Two effects led to microstructure densification: the temperature effect 

induced by the substrate preheating in the first layers, and the peening effect of 

the particles in the subsequent layers. 

-The substrate preheating and deposit thickness did not affect the deposit 

microhardness; however, increasing the preheating temperature and the deposit 

thickness improved the deposit density, reaching values comparable to an IN718 

bulk reference, > 99.9%. 

-CS processing can be successfully applied for repairing IN718 damaged 

parts by depositing the same material without adding any bond coating or other 

additional pre-processing other than polishing and cleaning, preserving the 

feedstock material microstructure and phase composition. 

Finally, in Chapter 6, the fabrication of Ti patterned parts using a masked 

CSAM deposition strategy was evaluated for energy storage applications. These 

points were concluded: 

-The masked CSAM process allowed to manufacture Ti BPPs with 

customized flow-fields within a few minutes. The produced pin fins that make of 

the flow-fields were homogeneous, presenting the same shape and size. 

-The CSAM Ti BPPs presented porosity values of 6 ± 1% and 4 ± 1% for 

powders Ti-S and Ti-I, respectively. Both deposits exhibited a high superficial 

roughness, hence a final post-processing step is suggested to ensure a good 

contact of the BPP in the cell.  
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-The evaluation of the corrosion resistance of the CSAM Ti patterned 

coatings showed that for both Ti-S and Ti-I powders a stable oxide film at the 

typical operation potential (1.8 V vs Ag/AgCl) of a PEM water electrolyzer was 

formed. No signs of pitting corrosion were observed in the range of potentials 

under assessment confirming the high stability and resistance of these Ti 

surfaces to acidic environments.  

-At a compaction pressure of 150 N/cm2 ICR values of 42 ± 19, 40 ± 13, 

and 24 ± 7 were obtained for Ti-I, Ti-S, and Ti Bulk, respectively. Furthermore, 

after the post-mortem tests, there was a notable increase in the ICR, indicating 

that the oxide layer formed on the surface impeded the conductivity of the 

specimens. 

-The morphology of the powder only has an influence on the deposition 

efficiency. The resistance to corrosion and ICR properties are dependent on the 

nature of the material. Therefore, using an irregular powder contributes to a cost-

effective manufacturing of BPPs. 

Overall, several deposition strategies, including the robot path trajectories, 

heat treatments, substrate preheating, and masking were investigated throughout 

this thesis, allowing to broaden the CSAM technology capabilities and 

applications. 
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