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ABSTRACT 

Additive manufacturing (AM) builds a physical object by adding material layer 

by layer rather than removing material through machining. It is also known as 3D 

printing, as it typically involves using a digital model to create a physical object by 

adding material in a series of layers. AM has been studied for many materials, such as 

polymers, ceramics, composites, biomaterials, and metallic alloys. It has also been 

employed for many applications and purposes, such as customization, complex 

geometries, lightweight structures, and sustainable manufacturing. 

Different processes have been presented and studied for AM of metals, 

highlighting the laser- and welding-based ones presented in the literature, which are 

more industrially mature. Cold Spray Additive Manufacturing (CSAM) is an alternative 

to produce freeform parts by accelerating powder particles at supersonic speed, which 

impacting against a substrate material trigger a process to consolidate the CSAM-ed 

part by bonding mechanisms. As with any other AM processing, CSAM has pros and 

cons. Its advantages include its high deposition rate and efficiency, low thermal input, 

wide range of spraying materials, and low part distortion. However, low geometric 

accuracy, high equipment costs, and low mechanical properties are some CSAM 

disadvantages. 

Scholars have contributed to improving the CSAM industrial maturity by solving 

some technique limitations. This thesis presents alternatives developed and evaluated 

to push this frontier of knowledge even further and make CSAM an even more 

attractive AM process. First, understanding the state-of-art through a critical review in 

the introduction section; second, presenting the solutions already published by 

scholars, which were the base for developing new and innovative solutions, and then 

evaluating the effectiveness of these new strategies. 

For the CSAM geometric accuracy limitation, this thesis presents different robot 

manipulation strategies, changing the CS gun linear velocity and deposition angles. It 

makes a constant part sidewall inclination that demands an angle rectifying layer. An 

innovative CSAM strategy named Metal Knitting has been designed, developed, and 

tested. In this strategy, the CS gun does not follow a linear path but a virtual cone-like 

one, which results in a high control of the part shape, e.g., vertical bulk sidewalls or 

thin and high walls. 
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To improve the CSAM-ed material mechanical properties, the CS process 

parameters are optimized to reach the most appropriate particle velocity, resulting in 

lower porosity and higher bonding and cohesion of particles. Besides that, deposition 

post-treatments are evaluated. For 316L, heat treatments improve the cohesion of 

particles and material isotropy but reduce its hardness. For CSAM-ed Maraging, the 

deposition of carbides by HVOF improved the material wear performance, presenting 

a hybrid thermal spraying system with a CSAM-ed bulk strengthened by a hard coating 

layer. 

Considering the economic feasibility of CSAM, the use of less sophisticated, 

and therefore less costly, feedstock powders has been deposited. They can be 

deposited, obtaining parts with similar properties to those obtained using more 

sophisticated and pricey powders. Water atomized 316L performs similarly to the gas 

atomized powders, which are at a higher-level price. Irregular particles are also good 

choices for CSAM Al and Ti deposits. Regarding this reduction of CSAM deposition 

costs, the Metal Knitting strategy has an advantage over the traditional ones because 

of its shorter spraying time and higher layer thickness. 
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THESIS STRUCTURE 

This thesis is structured in several chapters that are assembled in a way that allow for 

an organized and logical flow of information, from the reasons and objectives until the 

conclusions deriving from the results obtained. This document includes as well some 

published articles written as a result of the research done in this thesis. This thesis also 

contains the information about additional research that supplement the published 

papers and extend the scope of the thesis beyond the articles’ results. It is 

schematically presented in Figure 1, followed by a summary of their contents. 

 

Figure 1: Thesis structure. 
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Chapter 1, “Introduction”, presents the state-of-the-art in CSAM, starting by 

placing CS in the role of AM techniques, then explaining CSAM principles, listing the 

feedstock materials commonly applied and their adequate properties. The sequence 

lists the limitations, pros and cons, and challenges of the technique. Finally, the section 

indicates the academic interest in the theme CSAM through a bibliometric review and 

the technical solutions or alternatives to improve the CSAM-ed materials’ properties, 

i.e., post-treatments and assisted CSAM or hybrid systems. Chapter 1 is composed 

primarily of Article 1, “A Review of Advances in Cold Spray Additive Manufacturing”. 

This state of the art description serves as a framework to identify the areas still to be 

developed in CSAM which points at the reasons why this thesis is done that are 

explained in Chapter 2. 

Chapter 2, “Scope of the Work”, shows the motivation to develop this thesis and 

its main and specific objectives, which are linked with the Chapter 4 sections. 

Chapter 3, “Experimental Procedures”, presents the CSAM-ed materials and 

explains all the characterizations, testing, and performance evaluations. The Chapter 

details the tests, lists the applicable standards, and shows the equipment used for the 

activities. 

Chapter 4, “Results and Discussions”, is divided into sections to present the 

achievements for each specific objective listed in Chapter 2. The first part of Chapter 

4 was focused on materials selection and its influence on the properties of CSAM-ed 

samples. Some of these results were published in Article 2, “The Influence of the 

Powder Characteristics on 316L Coatings Sprayed by Cold Gas Spray”; other 

feedstock powders for CSAM are characterized and analyzed in Chapter 4. 

Making CSAM parts with the selected powders, their basic properties were 

considered, and then new strategies for CSAM were developed and evaluated. In this 

section, Article 3, “Metal Knitting: A New Strategy for Cold Gas Spray Additive 

Manufacturing”, presents CSAM spraying strategy development to improve the 

geometric accuracy of CSAM-ed parts. Also, the properties of CSAM-ed parts and their 

improvement are discussed for 316L, Cu, Ti, and Maraging in Article 4, “Fretting Wear 

and Scratch Resistance of Cold-Sprayed pure Cu and Ti”, Article 5, “The Effect of 

Annealing and Deposition Strategy on 316L Properties Produced by Cold Spray 
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Additive Manufacturing”, and Article 6, “Improving the Wear and Corrosion Resistance 

of Maraging Part Obtained by Cold Gas Spray Additive Manufacturing”. 

The final part of Chapter 4 deals with the proposed post-treatments to improve 

the properties and performance of the CSAM-ed parts, evaluating this improvement by 

different tests and techniques, such as microstructural characterization, hardness 

evolution, fretting, tensile strength and/or residual stresses. Also, a hybrid thermal 

spray process is considered to combe different techniques. 

Chapter 5, “Overall Discussions”, makes an outline correlating and crossing the 

results and discussions shown in the Chapter 4 sections and each article published. 

This overall discussion helps to obtain a typical CSAM behavior or a trend, as the 

effectiveness of the technical solutions presented along the thesis for the CSAM 

limitations and to link the results obtained with the initial objectives of this thesis. 

Chapter 6, “Conclusions”, summarizes the more relevant outcomes of the 

thesis. 

Chapter 7, “References”, indicates the literature cited in the thesis, considering 

that some of these documents are duplicated in the articles’ reference sections, which 

are unique for each article. 

Finally, Chapter 8, “Appendix”, lists the scientific contributions of the Ph.D. 

candidate during the doctorate program period (Sep. 2019 to Aug. 2023), considering 

articles published, works presented in congresses and conferences, and funding, 

projects, and awards received. 

 



 

 



 

 

Chapter 1 

INTRODUCTION
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1. INTRODUCTION 

This section presents the evolution of Additive Manufacturing (AM) as a family 

of processes capable of processing diverse materials for making parts. The materials 

most studied and industrially applied are polymers, but ceramics, composites, and 

metals have increased their applications. Each material has one or more adequate 

fabrication methods and wariness that must be considered to obtain the best part 

quality, highlighting the highest dimensional accuracy, mechanical properties, the 

lowest costs, or minimum time elapsing for making it, among others. ISO/ASTM 52900-

15 [1] presents AM definitions, terminology, and a general classification of AM process 

in different categories, as schematically shown in Figure 2 for metallic materials. 

Although this standard also contemplates polymers, ceramics, and composites as AM-

ed materials. 

 

Figure 2: AM classification, as ISO/ASTM 52900:15 [1]. 

ISO/ASTM 52900:15 [1], as seen in Figure 2, does not contemplate Cold Spray 

(CS) as an AM process; however, in that scheme, CSAM should be classified as 

Metallic > Solid State > Powder Material > Deposition Nozzle, though from the fifth row, 

CSAM does not fit into any category, mainly because CS does not melt or sinter the 
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sprayed material for the CSAM-ed part consolidation. CS has been classified as a 

thermal spraying process, developed to make coatings for the most different purposes. 

CS’ principles are based on high kinetic and low thermal energy sprayed particles, 

resulting in coatings with very low porosity and oxidation, competing with other thermal 

spraying processes, as presented in Figure 3. With the evolution of the thickness of 

CS-ed layers, scholars have developed the CSAM as a feasible method to grow not 

only coatings but also large parts or repair damaged components, introducing CSAM. 

 

Figure 3: Classification of thermal spraying processes. 

Article 1 presents an overview of the CSAM evolution, its place among the metal 

AM processes, CS principles or fundamentals, characteristics, facing challenges, and 

some solutions presented in the literature to overtake the CSAM cons, e.g., robot new 

strategies, heat treatments, or hybrid systems of deposition, among others. This article 

also presents a bibliometric review that indicates how scholars have increased their 

interest in publishing solutions for the CSAM limitations and advancing the CSAM from 

the academic field to solve real problems in the industry. Based on the challenges 

presented in the Introduction section, a set of experiments were performed considering 

the selection of CSAM feedstock powders, CSAM-ed mechanical properties, and 

microstructural characteristics, CSAM-ed residual stresses, wear and corrosion 

performance or behavior, and the effect of post-treatments on these characteristics. 

 



 

 

 

 

ARTICLE 1 “A REVIEW OF ADVANCES IN COLD SPRAY ADDITIVE 

MANUFACTURING” 

R.F. Vaz, A. Garfias, V. Albaladejo, J. Sanchez, I.G. Cano 

 

 
10.3390/coatings13020267 

 

This work presents CSAM as a process capable do make freeform parts, its 

principles, bonding mechanisms, examples of use compared to other AM processes, 

and technical solutions to improve CSAM-ed materials’ quality and properties. 

Furthermore, the post-treatments already applied for CSAM-ed materials and hybrid 

processing are presented. In addition, this work contributes to compiling important 

information from the literature and shows how CSAM has advanced quickly in 

diverse sectors and applications. 

Another approach presented is the academic contributions by a bibliometric 

review, showing the most relevant contributors, authors, institutions, and countries 

during the last decade for CSAM research. Finally, this work presents a trend for the 

future of CSAM, challenges, and barriers to overcome. This work helps the readers 

to have an overall view of the CSAM and makes it easier to understand the selected 

focus of the following results and articles. 

https://doi.org/10.3390/coatings13020267
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2. SCOPE OF THE WORK 

This thesis focuses on the research of CSAM of metals from the standpoint of 

those more relevant issues and future perspectives. It considers its pros and cons, 

current challenges, and developments to make this technique more industrially mature. 

The main objective of this work is to develop spraying strategies or methodologies to 

obtain better CSAM-ed parts quality, considering the geometries feasible and 

properties obtained. 

To achieve the main objective, it is first necessary to accomplish some specific 

objectives, as detailed below: 

• Evaluate the powders more suitable for CSAM depositions, considering the 

characterization of each powder studied and an approach to the economic 

impact of the feedstock powder on the global CSAM cost; 

• Make CSAM parts with the selected powders, characterizing their 

microstructure and properties achieved; 

• Develop a CSAM strategy to improve the deposit geometric accuracy, 

controlling the part’s sidewall inclination, making thin and high walls or dense 

large bulks; 

• Evaluate the characteristics and properties obtained by employing the 

developed CSAM strategy, considering the geometric accuracy, 

microstructure, and mechanical properties achieved; 

• Evaluate the effect of post-treatments on the properties of the CSAM-ed 

materials, focused on different heat treatments impacts on their mechanical 

properties and isotropy, besides homogenising the residual stress in the 

material; 

• Evaluate the use of a hybrid thermal spraying process, making a part by 

CSAM and improving its wear and corrosion resistance by a coating 

deposited by another manufacturing process, resulting in a synergy between 

the CSAM’s ability to make large parts and the material superficial properties 

improvement by a thin coating. 



 

 

 

 



 

 

Chapter 3 

EXPERIMENTAL 
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3. EXPERIMENTAL PROCEDURES 

This Chapter presents the materials’ processing, parameters, materials 

selected, and characterization techniques for the feedstock powders and the CS-ed 

samples. Besides that, the testing performed to evaluate the quality of the CS-ed 

materials are described and detailed for a good comprehension and repeatability of 

the experiments by other scholars. Some information presented in this section is 

repeated in the Materials and Methods sections of the following articles. 

3.1. Feedstock Materials and their Characterization 

CS process demands the feedstock material in powder form, and different 

powders were studied in this work. All the powders selected are commercial and were 

previously characterized to check if they were adequate for CSAM processing. Table 

1 shows the materials used for CSAM with the data informed by their respective 

manufacturers. It is noticed that different companies supplied similar powders, e.g., Ti 

AP&C and Ti CNPC, or 316L Daye and 316L Oerlikon. The selection of powders 

supplier was based on the powders' characteristics and properties adequate for CS; 

however, for similar powders, the selection was made based on the powders' price, 

buying the less expensive one. 

The characterizations were done to measure the powder size distribution, 

flowability, apparent density, chemical composition, and particle shape. The images 

were obtained by Scanning Electron Microscopy (SEM) after hot mounting the samples 

in conductor Bakelite to observe the particle shape, cross-section, and free surface. 

The preparation followed the ASTM E1920-03 [2] and ASTM E3-01 [3] standards, 

mounting, grinding, and polishing. The equipment used for SEM was a Thermo Fisher 

Phenom Pro (Eindhoven, the Netherlands), Figure 4. The particle size distribution of 

feedstock powders was determined in triplicate by dry mode Laser Scattering (LS) 

technique using a Beckman Coulter LS13320 equipment (Brea, CA, USA), Figure 4, 

according to ASTM B822-02 [4] standard. The nominal composition of powders was 

obtained by Inductively Couple Plasma (ICP) using a Perkin Elmer Optima ICP-OES 

3200 RL equipment (Waltham, MA, USA), Figure 4. For phase analysis, the XRD 

PANalytical X’Pert PRO MPD equipment (Malvern, United Kingdom), Figure 4, was 

used with radiation of Cu Kα (λ = 1.5418 Å) from 5° to 120° 2θ with a 0.017° step, 

measuring 80 s per step. 
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Figure 4: Powder characterization equipment. 

In addition, the apparent density and flowability of the powders were measured 

by the Carney funnel, Figure 5, five times for each material, for statistical reasons, 

following the ASTM B212-21 [5] and ASTM B213-20 [6] or ASTM B417-22 [7] 

standards, respectively. 

 

Figure 5: Flowmeter device. 
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Table 1: Feedstock powders. 

Material 
Commercial 

name 
Manufacturer 

Chemical composition1 

[wt.%] 

Particle size 
distribution1,2 

[μm] 

316L 316L 
Daye 

(Shijiazhuang, China) 
Cr17.5Mo2.7Mn0.3Si0.8Febal. –40 +15 

316L SS316L 
Plasma Giken 

(Saytama, Japan) 
Cr18.0Ni14.0Mo3.0Si1.0Febal. –45 +10 

316L 
Diamalloy 

1003 
Oerlikon 

(Westbury, NY, USA) 
Cr17.0Ni12.0Mo2.5Si2.3Febal. –45 +11 

316L 316L 
Sandvik 

(Neath, UK) 
Cr17.0Ni12.0Mo2.5Si1.0Febal. –45 +20 

Ti Cp-Ti grade 2 
AP&C 

(Boisbriand, QC, 
Canada) 

Ti99.7 min. –44 +17 

Ti CNPC-TI300 
CNPC 

(Shangai, China) 
Ti99 min. –53 +15 

Ti6Al4V 
Spherical 

APA Ti-6Al4V 

AP&C 
(Boisbriand, QC, 

Canada) 
Al6V4Tibal. –45 +15 

Ti6Al4V HP.X-20 
Dycomet 

(Akkrum, the 
Netherlands) 

Al6V4Tibal. –45 +15 

Cu Cu 
Safina 

(Vestec, Czech 
Republic) 

Cu99.95 min. –53 +15 

Al Al 
Ecka 

(Velden, Germany) 
Al99.5 min. –45 +20 

Maraging Maraging 
Rovalma 

(Rubí, Spain) 
3 –75 

Maraging 
MetcoAdd 
C300-A 

Oerlikon 
(Westbury, NY, USA) 

Ni18Co9Mo5Ti1Febal. –45 +15 

Steel 1008 
Dycomet 

(Akkrum, the 
Netherlands) 

3 –55 +15 

Inconel 625 
Diamalloy 

1005 
Oerlikon 

(Westbury, NY, USA) 
Cr21.5Mo9Nb/Ta4Fe2.5Nibal.

 –45 +11 

WC-10Co4Cr DTS W928 
Fujimi 

(Kiyosu, Japan) 
Co10Cr4(WC)bal. –32 +10 

WC‐12Co WOKA 3110 
Oerlikon 

(Westbury, NY, USA) 
Co12(WC)bal. –25 +5 

1 Informed by the manufacturer. 
2 Values not considering the 10% smallest, d10, and biggest, d90, particles. 
3 Chemical composition not informed. 

 

3.2. Samples and Parts Production 

In the different studies, several samples were made, CS-ed coatings for a first 

approach, as presented in Article 2 and Article 4; and CSAM-ed multiples geometries, 

as shown in Figure 12 of Article 3, and Figure 5 of Article 5. Some parts were thin walls 

produced on narrow substrates, and other were cube-like bulks. Different substrates 

were also used, e.g., 5 mm thick carbon steel, Ti, Ti6Al4V, Al, and Cu plates, or 3 mm 

thick larger Al plates, depending on the objective of each study, i.e., simulating a 
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repairing service of a damaged part, or producing a freeform part to be machined from 

the substrate. 

For every deposition, the substrate was previously manually grit-blasted with 

alumina for a roughness greater than Ra 7 µm and Ry 40 µm. Article 6 presents the 

hybrid thermal spraying deposition is presented, building Maraging parts by CSAM, 

and coating them with cermets by HVOF process. Both techniques are presented as 

manufacturing processes in the following sections. Article 5 presents the use of heat 

treatment and its impact on the material performance and properties; however, other 

post-treatments were studied, listed, and explicated as manufacturing processes also. 

3.2.1. Cold Spray Deposition 

Two high-pressure CS equipment were used: a CGT Kinetiks 4000 (Haun, 

Germany), which is nowadays made by Oerlikon Metco (Westbury, NY, USA), and a 

Plasma Giken PCS100 (Saitama, Japan) using N2 or He as working gas, Figure 6. The 

parameters change for each material sprayed and equipment, as presented in Table 

2. These values were selected based on the literature and the expertise of the CPT´s 

research group, which has previously studied them, focusing on the maximum 

Deposition Efficiency (DE) for each material. 

Although, for this work, DE was measured, comparing the mass of fed powder 

and the mass of the CS-ed consolidated coating, following the ISO 17836:2004(E) [8] 

standard, using its recommendations for plate samples, but in a smaller sample than 

that indicated in this standard. Equation (1) was used to calculate the DE, where P1 is 

the mass of powder fed to the powder feeder in g, P2 is the remaining mass of powder 

after the deposition in g, S1 is the substrate mass before coating in g, and S2 is the 

coated substrate mass in g. 

 DE = (1 −
(P1 − P2) − (S2 − S1)

(P1 − P2)
) · 100% (1) 

 
Additionally, and in collaboration with the University of Tampere (Tampere, 

Finland), the CS-ed particle velocity distributions were measured employing the CS 

parameters from Table 2 for selected powders. The equipment used was a HiWatch 

equipment (Oseir, Tampere, Finland), collecting 300 values to plot results as histogram 

distributions. 
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Figure 6: CS equipment. 

Table 2: CS parameters. 

Material Equipment 
Pressure 

[MPa] 
Temperature 

[ºC] 
Standoff distance 

[mm] 
Powder feeding 

[g·s–1] 

316L Kinetiks 4.0 800 30 0.41 

316L PCS100 6.0 1000 25 0.44 

Ti Kinetiks 4.0 700 40 0.70 

Ti PCS100 6.5 900 25 0.74 

Ti6Al4V PCS100 6.5 1000 25 0.46 

Cu Kinetiks 3.0 400 40 0.75 

Cu PCS100 3.0 700 25 0.82 

Al PCS100 3.0 450 25 0.28 

Maraging PCS100 7.0 975 25 0.43 

Steel PCS100 7.0 975 25 0.42 

Inconel 625 PCS100 6.0 1000 25 0.38 

 

3.2.2. High-Velocity Oxy-Fuel Deposition 

For the deposition of WC-12Co coatings by the High-Velocity Oxy-Fuel (HVOF) 

process, the equipment was composed of a gun Sulzer Metco DJ2600, control unit 

Sulzer Metco DJCE, and powder feeder Sulzer Metco 9MPE-DJ (Westbury, NY, USA), 

Figure 7. This equipment is nowadays made by Oerlikon Metco (Westbury, NY, USA). 

The process parameters are presented in Table 3. The HVOF fuel was H2, and the 

powder transporting gas was N2. 



74 
 

 

Figure 7: HVOF equipment. 

Table 3: HVOF parameters. 

Material 

Hydrogen Oxygen Compressed air Standoff 
distance 

[mm] 

Powder 
feeding 
[g·s–1] 

Pressure 
[bar] 

Flow 
[FMR] 

Pressure 
[bar] 

Flow 
[FMR] 

Pressure 
[bar] 

Flow 
[FMR] 

WC-12Co 9.7 44 11.7 62 6.9 44 225 0.50 

WC-10Co4Cr 9.7 44 11.7 62 6.9 44 225 0.50 

 

3.2.3. Post-Treatments 

One of the specific objectives of this thesis is to evaluate the effect of post-

treatments on the properties of the CSAM-ed materials, as presented in Chapter 3 

“Scope of the Work”. It is required since sometimes CSAM-ed parts have 

characteristics and properties that need to be improved. For this reason, some post-

treatments were proposed, and their effects on the material were evaluated. 

3.2.3.1. Heat Treatment 

The HT parameters were selected based on their effect on promoting 

interparticular bonding and ductility for 316L stainless steel [9–13], selecting HT of 

annealing, 1 h at 1000 ºC in air in a furnace Hobersal CRN 4-18 (Caldes de Montbui, 
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Spain), Figure 8 (a) However, because of its O reactivity, CSAM-ed Ti alloys were HT-

ed in a Carbolite GHA 12/450 (Hope, England) tubular furnace in Ar atmosphere, 

Figure 8 (b). For CS-ed Ti, the temperatures were 500, 700, 800, 900, and 1000 °C for 

4 h. 

 

Figure 8: Furnaces for HT in (a) air and (b) argon atmosphere. 

3.2.3.2. Spark Plasma Sintering 

Spark Plasma Sintering (SPS) was performed in collaboration with Instituto de 

Cerámica y Vidrio (ICV) (Madrid, Spain) for CSAM-ed Ti6Al4V obtained by traditional 

and Metal Knitting strategies. SPS consists of a uniaxial pressing device in the form of 

graphite punches, which also serve as electrodes, a graphite die, a vacuum/air/argon 

gas atmosphere chamber, a pulsed DC generator, and a controlling system, as 

presented schematically in Figure 9 (a). 

The machine uses low voltages, <10 V, high currents, >5 kA, and heating rates 

up to 1000 °C·min–1, sintering the working material within very short durations. A 50–

250 kN load has been used under vacuum [14,15]. Figure 9 (b) presents the SPS 

Syntex SPSS 5000 equipment (Tokyo, Japan) used for SPS post-treatment. The SPS 

parameters were temperature 500–800 °C, pressure 40 MPa, and duration 10 min. 
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Figure 9: (a) scheme and (b) equipment for SPS. 

3.2.3.3. Hot Isostatic Pressing 

Hot Isostatic Pressing (HIP) was another post-treatment evaluated, consisting 

of an HT under controlled high pressures. HIP was performed at Centro Tecnológico 

CEIT, University of Navarra (Pamplona, Spain), for CSAM-ed Ti alloys. The HIP 

parameters were a temperature of 950 °C for 2 h under 150 MPa of Ar atmosphere. 

The heating rate was 10 °C·min–1. 

3.3. Materials Characterization 

The CS-ed coatings and CSAM-ed parts were characterized by diverse 

techniques to observe their microstructural characteristics, mechanical properties, 

corrosion behavior, and wear resistance. Each article has a Materials and Methods 

section; however, the following sections present the methods in more detail. 

3.3.1. Microstructural Evaluation 

For the observation of the CSAM-ed material characteristics and properties, a 

first and basic characterization was done for all the deposits, the cross-section 

microstructural evaluation. They were observed in SEM after hot mounting in 

conductor Bakelite. The preparation followed the ASTM E1920-03 [2] and ASTM E3-
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11 [3] standards, cutting, mounting, grinding and polishing were done in Struers 

Minitom (Copenhagen, Denmark), Struers CitoPress-1 (Copenhagen, Denmark), and 

Struers TegraPol-11 (Copenhagen, Denmark), respectively. After that, the 

characterization results were obtained by SEM in a Thermo Fisher Phenom Pro 

(Eindhoven, the Netherlands), Optical Microscopy (OM) in a Leica DMI5000M 

(Wetzlar, Germany), and Electron Backscatter Diffraction (EBSD) in a Jeol JSM-7001F 

(Tokyo, Japan). 

 

Figure 10: Equipment for samples characterization. 

The material porosity was analysed using ImageJ software on OM images at 

200× magnification, according to ASTM E2109-01 standard [16]. In order to compare 

the phases and crystal structure of the feedstock powders and CS-ed material, the 
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XRD equipment PANalytical X’Pert PRO MPD (Malvern, United Kingdom) was used 

with radiation of Cu Kα (λ = 1.5418 Å) from 5° to 120° 2θ with a 0.017° step, measuring 

80 s per step. 

CSAM-ed 316L and Al bulks were studied in collaboration with the Australian 

Nuclear Science and Technology Organisation (ANSTO), and CSAM bulk porosity was 

evaluated by Neutron Tomography (NT) performed on the imaging beamline Dingo at 

ANSTO [17]. The instrument was configured in high-resolution acquisition mode, 

corresponding to an L/D ratio of 1000 (where L is the distance between the beam 

collimator to the image plane, and D is the diameter of the collimator). The ZWO CMOS 

ASI2600MM Pro (Suzhou, China) (6248*4176) was coupled with a 50 mm lens to yield 

images with a pixel size of 36 µm over a 224×150 mm2 field of view. The detector had 

a 50 µm thick 6LiF/ZnS scintillation screen. Projections were acquired with an 

equiangular step of 0.19°over 360° and an exposure time of 70 s each. Flat field 

normalization with dose correction, dark current subtraction, ring artifacts suppression 

in frequency, and real space domains were applied to each dataset. The NT stacks 

were computed using the NeuTomPy toolbox [18]. The ThermoFisher Scientific Avizo 

2020.3.1 software was employed for data visualization and evaluation. 

3.3.2. Mechanical Properties 

3.3.2.1. Microhardness 

The microhardness of CSAM-ed material was measured by means of a 

Shimadzu HMV (Tokyo, Japan) equipment, following the ASTM E384-22 standard [19], 

applying a load of 0.3 kgf (3 N) (HV0.3). Microhardness values were averages from 10 

indentations in Vickers scale for each sample. The characterization equipment as the 

characterization activities flow is presented in Figure 10. 

3.3.2.2. Adhesion Testing 

The adhesion strength of the CS-ed materials was measured using a tensile 

test machine, following the ASTM C633-13 [20] standard, mounting the coated sample 

to the uncoated counterpart using the epoxy resin adhesive HTK Ultrabond 100 or 

FM1000 (Hamburg, Germany) at 180 °C for 1 h, with traction-adhesive strength of 

70 MPa. Three tests for each material were performed in a Servosis MCH-102 ME 

(Madrid, Spain) equipment, Figure 11, at a 0.01 mm·s−1 rate until both counterparts 
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detached. Then, the results were classified according to the maximum tensile strength 

and the failure observed (cohesive – between the coating layers –, adhesive – in the 

coating/substrate interface –, or glue failure – in the coating/counterpart interface). 

 

Figure 11: Tensile testing machine for adhesion testing. 

3.3.2.3. Nanomechanical Properties 

CS-ed Ti and Cu were studied in collaboration with the Universitat de Salento 

Università del Salento and the Agenzia Nazionale per le Nuove Tecnologie, l'Energia 

e lo Sviluppo Economico Sostenibile (ENEA), the nanomechanical properties were 

studied through an Anton Paar nanoindenter model TTX-NHT2 (Ostfildern, Germany), 

equipped with a Berkovich diamond indenter. The tests were performed under load 

control, a loading and unloading rate of 20 mN·min–1, and a dwell time of 5 s. Eleven 

indentations per sample were performed, and the average values were recorded. 

Hardness in GPa and elastic modulus (E) in GPa were calculated by the Oliver-Pharr 

method [21] on the indentation load versus depth curves. 

3.3.2.4. Tensile Testing 

From CSAM-ed 316L and Ti parts, three samples in each direction were 

fabricated by wire EDM process for tensile testing, following the drawing in Figure 12, 
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which guarantees a plane-strain tension condition, following the ASTM E8-22 [22] 

standard. The surfaces were polished to a maximum roughness of Ra 0.8 μm. A 

ZwikRoell Zmart.Pro equipment with an Xforce P 10 kN load cell (Ulm, Germany) was 

used for the tensile testing, with a load application velocity of 1.0 mm·min–1. The 

fractography was performed using SEM images of the fracture surfaces. 

 

Figure 12: (a) Scheme for tensile samples machining from a CSAM-ed bulk, (1) X-direction on the XY-
plane, (2) Y-direction on the XY-plane, and (3) Z-direction on the XZ-plane. (b) Tensile testing sample. 

(c) Equipment for tensile testing. 

3.3.2.5. Residual Stress Measurement 

The residual stress studies were divided into two approaches; firstly, it focused 

on CS coatings to understand the evolution of residual stress with the coating thickness 

and preview its effect on large bulks. These results would be compared in the 

sequence with CSAM-ed large parts residual stress distribution, particularly their 

surface condition. XRD was applied for CS-ed Cu, Ti, and 316L coatings, and for 

CSAM-ed 316L, Neutron Diffraction was selected due to its deep penetration in the 

material. 
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3.3.2.5.1. X-Ray Diffraction 

X-ray diffraction (XRD) was a residual stress technique studied for CS-ed 

coatings, not for CSAM-ed bulks. Steel plates, 200×20×3 mm3, were used as 

substrates for CS Cu, Ti, and 316L with single- and multi-layer thickness coatings. 

Following Bragg’s law, the residual stress values were determined by XRD according 

to the sin2ψ-Ω-tilt method, Figure 13 (a), with 0<ψ<0.8 in intervals of 0.1 degree. Stress 

investigations were performed in (hkl) lattice reflections conditions optimized using V-

filtered CrKα-radiation for Cu (420), Ti (213), and γ-Fe (331) reflections, which have 

strain-free d-spacing (d0) of 0.80836, 0.82160, and 1.0845 Å, respectively. 

The XRD measures the deformation of the crystallographic planes, d-spacing, 

and a model compares it with the materials’ strain-free condition, correlating this 

deformation with an internal stress in the material, a residual stress. Equation (2) 

presents this model, where σφ is the normal stress in the φ direction in MPa, φ and ψ 

angles are defined as the in-plane direction, and the angle between specimen normal 

to the surface plane and diffraction angles, Figure 13 (a), in degrees, E is Young’s 

Modulus in GPa, ν is Poisson’s ratio, dφψ and d0 are Inter-planar spacing of planes at 

an angle ψ to the surface and strain-free d-spacing in Å, respectively. Figure 13 (b) 

indicates the normal and shear stresses in an infinitesimal volume of material, 

considering the same the reference axis of the Figure 13 (a), σ is normal stress and τ 

is shear stress. 

 

Figure 13: (a) Schematic charts of a definition of the three reference axes and the direction of XRD 
stress measurement; and (b) the normal and shear stresses in the 3-dimensional system [23]. 
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σφ =
E(hkl)

1 + ν(hkl)
·

∂εφψ
(hkl)

∂sin2ψ
; εφψ

(hkl)
=

dφψ
(hkl)

− d0
(hkl)

d0
(hkl)

 (2) 

 
3.3.2.5.2. Neutron Diffraction 

In collaboration with the Australian Nuclear Science and Technology 

Organisation (ANSTO), CSAM-ed 316L bulk residual stress was evaluated by Neutron 

Diffractometry (ND) performed on the KOWARI at the ANSTO OPAL research reactor 

[24]. Stress investigations were performed in conditions optimized for γ-Fe (311) 

reflection at the wavelength of 1.55 Å when the scattering angle was close to the 

optimal 90°-geometry with the take-off angle of 69° using Si (400) monochromator. The 

samples evaluated were CSAM-ed 316L obtained by different deposition strategies in 

two conditions: as-sprayed and annealed. 

A cube-like gauge volume with dimensions 5×5×5 mm3 was provided by means 

of the focusing collimator. With this gauge volume, 2D scans across a central vertical 

cross-section of the deposits. The 2D mesh was chosen congruent to the size of the 

gauge volume with 4 mm steps in the two dimensions. The mesh was adapted for the 

real shape of the deposit; thus, the number of measurement points varied from 55 to 

67 points. All measurement points were taken in such a way that the gauge volume 

was always fully submerged in the material. As a result, strain accuracy of 70 µstrain 

was achieved while the measurement time varied greatly depending on the exact 

neutron beam flightpath in the sample with a particular orientation. 

The three principal sample directions were measured to reconstruct three 

orthogonal stress components, provided that the proper d0 is known. Upon completion 

of the d-spacing measurements, it turned out that the constant-d0-value assumption 

was invalid and not applicable. Instead, the assumption of the near-to-zero stress 

component in the smallest sample dimension was made, which coincides with the 

build-up direction. The practical assumption was confirmed in the case of CS in several 

cases of 3D deposits [25–27], ensuring the approach's applicability. Although an 

alternative solution to the d0 problem exists through the experimental approach with 

measurements of small stress-free coupons extracted from the samples, this approach 

would be destructive and require more neutron beamtime, which was unavailable. 
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The achieved experimental uncertainties were ~10 MPa, which resulted from 

the strain accuracy of 50 με (microstrains, 5×10–5). For stress calculations from the 

measured strain, the (hkl) dependent isotropic elastic diffraction constants were used 

and evaluated in accordance with corresponding single crystal elastic constants using 

ISODEC software [28]. 

3.3.3. Wear Performance 

Wear performance is substantially dependent on the material surface condition 

and properties. The wear testings were performed for the CS-ed materials as coatings 

and not as large bulks, as studied in Article 2, comparing abrasion and friction wear 

resistance of coatings obtained by different 316L feedstock powders; in Article 4, 

evaluating the evolution of cohesion of particles with the CS-ed coating thickness, 

which helps to understand and preview the properties of a CSAM-ed large bulk made 

with these powders; and in Article 6, interpreting the effectiveness of hybrid CSAM 

manufacturing on the part surface properties, employing HVOF WC coatings on 

CSAM-ed Maraging. 

3.3.3.1. Abrasion Wear Testing 

For abrasion testing, the rubber wheel testing was performed following ASTM 

G65-16 [29] standard, using a CM4 OL-2000 (Cervello, Spain) equipment, Figure 14, 

at a velocity of 139 rpm, a load of 125 N, a 226 mm diameter rubber wheel, and Ottawa 

silica sand as the abrasive agent. 

 

Figure 14: (a) scheme and (b) equipment for rubber wheel testing. (1) sand feeder, (2) rubber wheel, 
(3) controller, (4) sand collector, (5) loading, (6) sample. 

The mass of the sample was measured on a Mettler AE100 scale (Columbus, 

OH, USA) at specific testing elapsed times. The mass loss results were converted into 
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volume loss, considering the density of each material, which was obtained after their 

type evaluation, considering the known bulk material density less the measured 

porosity of the CSAM-ed. 

3.3.3.2. Friction Wear Testing 

Ball-on-disk tests were carried out in an equipment made by CM4 (Cervello, 

Spain), Figure 15, following the ASTM G99-17 [30] standard. For this test, the sample 

testing surfaces were previously prepared by grinding and polishing to the maximum 

roughness Ra 0.8 µm. The tests were performed at room temperature (27 ± 2 °C) and 

a maximum 20% moisture in dry conditions, using a WC-Co ball (diameter 11 mm) with 

a sliding rate of 0.13 m·s−1 for a total sliding distance of 995 m. During the test, the 

Coefficient of Friction (CoF) between the surfaces was recorded and plotted with the 

acquisition rate of 1 value per lap, a total of 22737 CoF values. The wear volume loss 

of the ball-on-disk samples was calculated by Equation (3), as recommended by the 

ASTM G99-17 [30] standard, where R is the wear track radius, d is the wear track width, 

and r is the ball radius. The friction wear rate is calculated by dividing the disk volume 

loss by the load times the sliding distance. 

 
Disk Volume Loss = 2 · π · R · [r2 · sin−1 (

d

2r
) − (

d

4
) · √(4 · r2 − d2)] (3) 

 
 
 

 

Figure 15: (a) scheme and (b) equipment for ball-on-disk testing, (1) sample, (2) ball, (3) load, (4) wear 
path on the sample, and (5) rotation direction of the sample. 
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3.3.3.3. Water Impingement Wear Testing 

In addition, the jet erosion tests, ASTM G73-10 [31], were carried out. In jet 

erosion, a sample is abraded by repeated impacts of water jets until the 

degradation/destruction of the material. The jet erosion apparatus made by CM4 

(Cervello, Spain), Figure 16 (a), consists of two water jets and a central rotating arm, 

Figure 16 (b), which can reach high rotation speed. At the end of the arm, a sample 

holder keeps the sample parallel to the water jets. The water jet diameter is 4 mm, and 

the process parameters are the water pressure (from 0.01 to 0.2 MPa), rotation speed 

(from 14 to 100 m·s–1), and test elapsing time. 

 

Figure 16: Jet erosion testing apparatus. (a) equipment and (b) sample holder arm. 

The tests were interrupted each 30 min to measure the weight loss on a Mettler 

AE100 scale (Columbus, OH, USA) and the aspects of the damaged area. The test 

was repeated three times for each sample, and the erosion rate was measured, 

following the ASTM G73-10 [31] standard, plotting the mass loss slopes. 

3.3.3.4. Scratch Testing 

Scratch tests were performed to measure the CS-ed material strength, adhesion 

properties, and intrinsic cohesion behavior. The scratch test was done in an Anton 

Paar Revetest RST3 instrument (Ostfildern, Germany), Figure 17, with a Rockwell-C 

diamond indenter, following the ASTM G171-03 [32] standard. The normal load was 

linearly applied in the range 1–200 N over a scratch length of 10 mm at a speed of 

10 mm·min–1 in air at room temperature. The results were plotted as scratch vertical 

load versus scratch depth, as the interpretation of the scratch path surface to identify 

the wear mechanisms. 
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Figure 17: Scratch test equipment. 

3.3.3.5. Fretting Wear Testing 

The fretting wear resistance of the CS-ed samples was evaluated by Nanovea 

Tribometer T50 (Irvine, CA, USA), Figure 18, using a Linear Reciprocating Wear 

Module. The fretting tests were performed by WC indenter at loads of 50, 100, and 

150 N, frequency of 10 Hz, and imposed amplitude of 100 μm for 10000 cycles. The 

wear marks were observed in a confocal profiler Zeiss LSM 5 Pascal (Jena, Germany), 

and by the marks’ dimensions, it was possible to measure the volume loss. 

 

Figure 18: Fretting wear testing (a) scheme and (b) equipment. 
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3.3.4. Corrosion Behavior 

Potentiodynamic polarization measurements were carried out, following the 

ASTM G59-97 [33] and ASTM G102-23 [34] standards, to determine the corrosion 

resistance of the coatings in 3.5 wt.% NaCl water solution. Two different areas of each 

sample were used for corrosion tests as working electrodes, with an exposed area of 

1.0 cm2, previously polished up to the maximum roughness Ra 0.3 µm. A saturated 

calomel (3.0 M KCl) was the reference electrode, and platinum was the counter 

electrode in the tests. Figure 19 shows the corrosion cell scheme and the apparatus 

during corrosion testing. 

A scan rate of 0.05 mV·s−1 and a potential range of ±25 mV with respect to Eocp 

were used to acquire the polarization resistance (Rp), and a potential range from −250 

to 1050 mV with respect to Eocp was used to acquire the polarization curves with a 

Biologic Science Instruments VSP (Seyssinet-Pariset, France). The corrosion potential 

(Ecorr) and corrosion current (Icorr) were calculated with the software EC-Lab V10.44. 

Ecorr was obtained from a Tafel fit extrapolation. At the same time, Icorr was calculated 

according to the Stern–Geary equation, (4), where βa and βc are the anodic and 

cathodic currents, respectively, and Rp is the polarization resistance. 

 
Icorr =

(βa · βc)

2.303 · (βa + βc) · Rp
 (4) 

 

 

Figure 19: (a) Scheme for corrosion testing. (1) 3.5 wt.% NaCl water solution, (2) ground, (3) reference 
electrode, (4) counter electrode, (5) electrodes holder, (6) sample or working electrode. (b) real setup 

during the testing. 
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4. RESULTS AND DISCUSSIONS 

This section presents the results achieved to reach the objectives listed for this 

work in the Chapter 2 “Scope of the Work”, followed by the pertinent discussions. It 

presents the CSAM feedstock powders characterization and selection, CSAM sample 

making and their microstructural characterization, final shape evaluation and 

inconveniences to achieve higher geometric accuracy, and mechanical properties 

measurements. Besides that, the use of post-treatments and hybrid processing are 

also presented. 

Thermal spraying processes have an ideal range of particle size distribution and 

properties to produce coating or parts with the desired properties or characteristics. To 

guarantee these characteristics and confirm the information provided by the materials 

manufacturers, the feedstock powders were characterized regarding the powders’ 

chemical composition and shape, particle size distribution, phase distribution, 

flowability, and apparent density, among other tests. A deep study of different 

commercial 316L feedstock powders resulted in an academic contribution by 

publishing Article 2. Characterization and comparison of irregular and spherical Ti 

powders are also conducted. 

Besides, advances in CSAM technology to make more complex geometries are 

presented by moving the robot/substrate along different paths, aiming to control the 

CSAM building up geometry, and reducing or eliminating the machining post-services, 

which is detailed in Article 3. 

From the understanding of CS-ed coatings characteristics, as presented in 

Article 2 and Article 4, as the XRD residual stress measurements, this section 

advances to the CSAM-ed samples' manufacturing and their microstructural 

characterization, mechanical properties, wear and corrosion testing, following 

evaluation of post-treatments effects on the CSAM-ed parts’ properties and 

performance. Some tests and evaluations consisted of superficial dependent 

properties, such as corrosion behavior or wear performance, and structural conditions, 

such as residual stress distribution by XRD testing, mechanical properties, and 

isotropy for different materials, Ti alloys, stainless steel, Cu, Al, Maraging, and others. 

The materials' microstructures and morphology have affected the mechanical 

properties of CSAM-ed parts. The CS-ed materials are composed of splats or 
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deformed particles, porosity or vacancies, and interparticular interfaces, which is the 

weakest region of the material. The severe cold working during the deposition results 

in harder CS-ed material than reference bulks. However, unlike a bulk reference, CS 

bonding mechanisms result in a tensile strength debilitated. CS-ed parts presented 

wear mechanisms related to the weak bonding mechanism between the particles, as 

presented by Pukasiewicz et al. [35], and discussed in wear testing of CS-ed pure Cu 

and Ti in Article 4. 

The study of CS-ed coatings residual stress by XRD was essential to support 

the advances from CS as a coating technique to AM processing technology. The use 

of substrates that can deform during the deposition, Al plates for CSAM deposition in 

this thesis, is a consequence of previous coating evaluations and discussions. Another 

technique was applied to measure residual stress, ND, which is presented in Article 5, 

for CSAM-ed 316L. 

Once CSAM-ed parts were produced, different post-treatments were applied for 

different materials and their influence on the materials’ characteristics and properties. 

Generally, the cohesion of particles improves, but the hardness tends to be reduced 

by the recrystallization and grain growth phenomena. SPS, HIP had been studied for 

Ti and Ti6Al4V, while HT is presented for 316L in the Article 5. 

Finally, the Article 6 evaluated the effectiveness of using HVOF WC deposition 

on CSAM-ed Maraging to improve its wear- and corrosion-resistance. 

4.1. CSAM Feedstock Powders 

4.1.1. Characterization and Selection 

The CSAM-ed feedstock powers were characterized regarding their shape or 

morphology, chemical composition, phase distribution, particle size distribution, 

flowability, and apparent density, as presented in Chapter 3, “Feedstock Materials and 

their Characterization”. Selecting 316L stainless steel powder for the sequent CSAM 

depositions received particular attention, resulting in Article 2, evaluating different 

powders´ shapes and manufacturing processes. This study contributed to the following 

CSAM 316L depositions because 316L water atomized powder is a less costly option 

than the gas atomized ones, which is an attractive point for manufacturing large parts. 
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It presented that even with an irregular shape, CSAM-ed 316L water atomized resulted 

in a similar performance to the gas atomized and spherical ones. 

The other sprayed materials characterized have characteristics adequate for 

CSAM deposition, considering the particle size distribution, as shown in Figure 20 and 

Table 4, and chemical composition, Table 5. 

Table 4: CSAM feedstock powders’ characteristics. 

Material 

Particle Size 
Distribution 

[µm] 
Shape 

Apparent 
Density 
[g·cm−3] 

Flow Rate 
[g·s−1] 

d10 d50 d90 

316L Daye 16 33 60 Irregular 3.03 ± 0.01 9.03 ± 0.36 

316L Oerlikon 19 30 47 Quasi-spherical1 2.86 ± 0.01 8.21 ± 0.49 

316L Plasma Giken 17 36 60 Irregular 4.47 ± 0.01 17.61 ± 0.40 

316L Sandvik 29 38 47 Quasi-spherical1 3.73 ± 0.01 13.44 ± 0.65 

Ti AP&C 16 28 44 Spherical 1.89 ± 0.01 4.40 ± 0.20 

Ti CNPC 9 36 81 Irregular 1.21 ± 0.03 2 

Ti6Al4V AP&C 5 30 45 Spherical 2.43 ± 0.01 9.45 ± 0.55 

Ti6Al4V Dycomet 20 31 43 Spherical 2.43 ± 0.00 5.90 ± 0.28 

Cu Safina 18 28 42 Spherical 4.78 ± 0.02 20.57 ± 0.32 

Al Ecka 14 30 52 Irregular 1.01 ± 0.01 2 

Maraging Oerlikon 20 33 47 Spherical 4.00 ± 0.02 17.38 ± 0.24 

Maraging Rovalma 11 39 73 Spherical 4.26 ± 0.04 2 

Steel Dycomet 17 32 58 Irregular 4.05 ± 0.01 14.80 ± 0.28 

Inconel 625 21 31 41 Spherical 4.38 ± 0.01 2 

1 presence of satellite particles. 
2 did not flow 

 

Table 5: CSAM feedstock powders’ chemical composition. wt.%. 

Material Cr Ni Mo Mn Fe Al Cu Ti V Co Nb 

316 Daye 16.0 12.3 2.6 0.5 Bal.       

316L Oerlikon 16.4 10.1 2.1 1.4 Bal.       

316L Plasma Giken 16.3 11.2 2.2 0.1 Bal.       

316L Sandvik 17.1 9.6 1.8 0.6 Bal.       

Ti AP&C        Bal.2    

Ti CNPC        Bal.2    

Ti6Al4V AP&C      5.7  Bal. 3.8   

Ti6Al4V Dycomet      5.8  Bal. 4.0   

Cu Safina       Bal.2     

Al Ecka      Bal.2      

Maraging Oerlikon  17.0 6.8  Bal. 1.4  1.0  10.3  

Maraging Rovalma 6.5 9.2 1.3 0.1 Bal. 1.4   0.8 1.3  

Steel Dycomet 17.8 4.9 14.7 2.7 Bal.       

Inconel 625 19.7 Bal. 10.5  2.2      4.5 
1 used for HVOF deposition. 
2 other elements under 0.1 wt.%. 
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Figure 20: CSAM feedstock powders’ particle size distribution. 

Table 4 presents the powders’ flowability, or flow rate, as their apparent density. 

Ben Ohoud et al. [36] presented that a powder’s apparent density can be expressed 

by Equation (5), where ρa is the apparent density in g·cm–3, W(R) is a mass in g of 

macroscopic sample of particles with an average radius R in cm, Vola is the total 

apparent volume in cm3, B is related to the mass of particles, C is related to the packing 

density, Dm is a characteristic of each particle, and Dc is a function of the type of 

arrangement of the particles concerning each other. From this, it is noticed that the 

powders’ apparent density depends on the morphology or shape of particles, their size 

distribution or arrangement, and the materials’ density property. 

 ρa =
W(R)

Vola
= (

B

C
) · R(Dm−Dc) (5) 

 
The flowability of metal powders is not an inherent property, depending not only 

on the physical properties, like shape, particle size distribution, and humidity, but also 

on the stress state, the testing performed, the equipment used, and the handling 
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method [37]. Jenike [38] published, among other valuable information about powder 

flow and storage, a model to classify a powder flowability based on the particle size 

distribution, Equation (6), and Zegzulka et al. [37] showed this S limit value to be 

considered, S = 1.5. Powders with S < 1.5 show good flow properties, while powders 

with S > 1.5 result rather worse flow properties. Applying Equation (6) to the particle 

size distribution shown in Table 4, only Maraging Rovalma resulted in an inadequate 

S value, SMaraging Rovalma = 1.59. Explaining that even with a spherical shape, as observed 

in Figure 21 (l), this material should be sieved to eliminate the coarser particles, 

reducing the S value and improving its flowability consequently. 

 S =
d90 − d10

d50
 (6) 

 
Ti CNPC and Al Ecka powders had adequate S values for good flowability, 

STi CNPC = 1.00 and SAl Ecka = 1.27, respectively; however, their flowability was harmed 

by their irregular shape, as presented in Figure 21 (f) and (j), for Ti CNPC and Al Ecka, 

respectively. Spheroidicity is a significant advantage for good flowability of metal 

powders [39], and a spherical shape of particles is welcome in most AM technologies. 

The Ti powders presented this influence of particle shape, and the spherical Ti AP&C 

had a flow rate of 4.40 ± 0.20 g·s−1, while the irregular Ti CNPC did not flow during the 

ASTM B213-20 [6] testing in static mode; however, it did not have any difficulty to flow 

during the CS spraying. Among the powder shapes described in the literature, the CS 

starting metal powders have one of the following geometry: agglomerated, angular or 

irregular, out-of-round, or spherical [40]. These shapes result from the material 

chemical composition and fabrication method, among others. Water atomizing is 

commonly used to produce irregular shape powders, while inert gas atomizing 

produces a spherical shape. 

Fedina et al. [41] compared water and gas atomized AISI 4130 steel for laser 

AM processing, resulting in very similar results, considering the laser welding bead 

profile, chemical composition, and deposition efficiency, but with a higher price for the 

gas atomized powder than for the water atomized one. This discrepancy regarding the 

feedstock powder costs was presented by Boisvert et al. [42], showing that water 

atomized powders are 3 to 9 times cheaper than gas atomized ones. Vargas-Uscategui 

et al. employed irregular shape hydride-dehydride (HDH) [43] and spherical [27] pure 
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Ti for CSAM, obtaining similar microstructures, especially a low porosity for expensive 

and less costly feedstock powders. 

Figure 21 summarizes the SEM images of CS feedstock powders free surface, 

showing gas atomized spherical particles, like 316L Oerlikon, Ti AP&C, and Maraging 

Oerlikon; and water atomized irregular particles, like 316L Daye, Ti CNPC, and Al 

Ecka. 

 

Figure 21: SEM images of CSAM feedstock powders of free surface. (a) 316L Daye, (b) 316L 
Oerlikon, (c) 316L Plasma Giken, (d) 316L Sandvik, (e) Ti AP&C, (f), Ti CNPC, (g) Ti6Al4V AP&C, (h) 
Ti6Al4V Dycomet, (i) Cu Safina, (j) Al Ecka, (k) Maraging Oerlikon, (l) Maraging Rovalma, (m) Steel 

Dycomet, and (n) Inconel 625. 
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For CS, the particle shape is a crucial factor for their bonding mechanisms since 

they depend on the velocity of particle. The interaction of CS atomizing gas with the 

particles has been studied by finite flow simulation and finite elements analysis or 

modeling. The particle shape significantly alters the drag coefficient, which is well 

known for the spherical particles but has been developed by scholars, applying 

Gidaspow or Papyring drag models successfully. Lohse and Palzer [44] presented a 

model for irregular particles, considering that these were composed of some small 

spherical volumes, forming a final rounded spherical geometry. It is consonant with the 

water atomized powders used in CSAM. 

The velocities of irregular and spherical Ti and 316L particles during the CS 

spraying were measured using a laser HiWatch equipment. The results of 300 particles 

velocities for each powder are presented in Figure 22 histograms. The highest amount 

of values above 600 m·s–1 is noticed, and very similar negatively skewed histogram 

shapes. It signs that both spherical and irregular particles have similar energy 

dissipated as plastic deformation, resulting from the CS spraying particles' kinetic 

energy. 

 

Figure 22: Comparison of velocity of spherical and irregular 316L and Ti particles. 
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Table 5 shows the powders’ chemical compositions measured by ICP, resulting 

in close to the values informed by the manufacturers, except the experimental alloy 

Maraging Rovalma is classified as a medium alloy steel and cannot be classified as a 

Maraging steel because of its chemical composition did not fit to any of the grades 

presented by the Society of Automotive Engineers (SAE), which are grade 200 (Ni17-

19Co8-9Mo3-3.5Ti0.15-0.25Al0.05-0.15) 250 (Ni17-19Co7-8.5Mo4.6-5.2Ti0.3-0.5Al0.05-0.15), 300 (Ni18-

19Co8.5-9.5Mo4.6-5.2Ti0.15-0.25Al0.05-0.15), and 350 (Ni18-19Co11.5-12.5Mo4.6-5.2Ti1.3-1.6Al0.05-.15). 

Other alloys had small deviations from the reference materials of from their 

manufacturers’ datasheet, e.g., Maraging Oerlikon that was a Maraging grade 350, but 

with Mo6.8, or 316L Sandvik that has Ni9.6, but the reference ASTM A240 [45] shows 

Ni10-14. 

Figure 23 shows the XRD patterns for the CS feedstock powders. The pure 

metals presented the previewed unique phase, as seen for Al, Cu, and Ti 

diffractograms, which added to the chemical composition, Table 5, corroborate a good 

CS-ed material performance. It also reinforces purity level since oxides should be seen 

in the XRD patterns, such as TiO2, rutile or anatase, α-Al2O3, alumina, and CuO or 

Cu2O, for Ti, Al, and Cu powders, respectively. For CS, the powder oxidizing during 

the production or storage period influences the DE and deteriorates the quality of the 

interparticular bonding in the CS-ed deposits. The metallic powders are usually 

covered with an oxide layer [46]; however, an excessive oxide layer thickness makes 

the particle more rigid to deform at the impact, requiring more energy and velocity to 

enable the ASI phenomena, resulting in a lower DE [47]. The reduction of thermal and 

electrical conductivity are other prejudicial effects of the imprisonment of oxide 

particles in the interparticular region of the CS-ed materials [48]. 

The 316L stainless steel powders were composed only of the ductile γ-austenite 

phase, except the 316L Plasma Giken that presented subtle α peaks, which did not 

affect its plasticity or the coating properties, as interpreted from the coating 

microstructure, hardness, and DE presented in the Article 2. The Steel Dycomet and 

Maraging Rovalma also presented γ-austenite as the predominant phase composition, 

with a single peak of α’-martensite. Nonetheless, Maraging Oerlikon resulted in evident 

high α’-martensite peaks with γ-austenite retained, resulting from the fast solidification 

and cooling during the gas atomizing. The formation α’-martensite is not highlighted in 

Maraging Rovalma because of its chemical composition with a low content of Mo, 

Table 5. Some alloying elements of Maraging improve the material hardness and 
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mechanical properties by intermetallic precipitates in the martensitic matrix, especially 

Ni3Mo, Fe2Mo, σ-FeMo, and µ-Fe7Mo6 [49]. However, after long-time heat treatments, 

these precipitates appear, explaining why they were not seen in the powder that cooled 

rapidly during the atomization process. 

Ti6Al4V stabilized only α phase, anHCP lattice structure, evidenced in the 

diffractograms of Ti6Al4V Dycomet and Ti6Al4V AP&C in Figure 23. However, by 

applying a selected cooling rate, it is possible to obtain the metastable α’- or α’’-

martensite phase, HCP and orthorhombic lattice structures, respectively. Martensite 

improves the material mechanical properties, and is normally obtained by quenching 

heat treatment from beta phase [50]. 

 

Figure 23: XRD patterns of the CS feedstock powders. 

4.1.2. Influence of Powder Characteristics on CSAM-ed Parts Manufacturing 

and Properties 

The in-flight behavior of the CS-ed particles supports the selection of adequate 

particle size distribution for CSAM. The literature presents the Vcr of the particles 
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dependent on the their size, and smaller particles have much higher Vcr than the bigger 

ones [39,51], resulting in the fact that even with high velocity, small particles may not 

bond or deform at the impact. The Vcr of the particles decreases sharply with its size 

increasing up to 50 µm; however, the effect of particle size is negligible beyond this 

particle size [39,52]. An optimum size range is achieved for each material, which is 

generally between –60+10 μm, values in which the CS materials presented in Table 4 

are included, except Maraging Rovalma. which has a d90 of 73 μm, resulting in lower 

DE than Maraging Oerlikon. 

In order to achieve bonding the CS-ed particles, Schmidt et al. [52] presented a 

model for the particles critical diameter, dcr, Equation (7), where λp is the thermal 

conductivity in W·m–1·K–1, Cp is the specific heat in J·kg−1⋅K−1, ρp is the particle density 

in kg·m–3, and Vp is the particle velocity in m·s–1. Considering the reference Vcr values 

listed in Article 1, all the feedstock powders selected for CSAM met the dcr requirement 

expressed in (7). 

 dcr = 36 ·
λp

Cp · ρp · Vp
 (7) 

 
Besides the particle size distribution, the spheroidicity is a significant advantage 

for good flowability of metal powders [39], which was confirmed by the poor flowability 

of irregular Ti CNPC compared with the high flow rate of the spherical Ti AP&C. 

However, both Ti powders had similar behavior during the CS deposition, considering 

the DE and the Vparticle, as interpreted from Figure 22. In general, for CS, the similar in-

flight conditions justify the similar CSAM-ed microstructure, as studied, presented, and 

discussed for 316L in Article 2. 

For large CSAM parts, the water atomized powders were selected due to the 

economic impact of their employment on the bulk fabrication. In general, the spherical 

particles have a more homogeneous deformation at the impact, and irregular particles 

may present a severe deformation in their sharp edges, which have a small volume, 

without a substrate deformation. It decreases the particles’ bonging strength; however, 

if the irregular particles have a smooth irregular shape, their deformation is similar to 

the spherical ones [39]. 

The irregular geometry reduces the CS Vcr, as presented by Palodhi, Das, and 

Singh [39], who studied Cu spherical and irregular particles CS-ed on a stainless steel 
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substrate. However, Ardeshiri Lodejani et al. [53] showed that this Vcr reduction is valid 

only for particles impacting the substrate with their longest symmetry axis 

perpendicular to the substrate surface, i.e., impacting the most minor particle face. 

Conversely, impacting the particle’s largest area of contact results in a Vcr increase. 

For fortune, the gas flow tends to align the irregular particles favorably. 

For CS, the material’s chemical composition does not influence the CS-ed 

material consolidation or particle bonding because they are based on mechanisms that 

dependent on the particles’ kinetic energy, and chemical reactions do not contribute to 

this [54,55]. However, the chemical composition and the powder-producing process 

influence the materials’ phase composition. With the same composition, the same alloy 

can stabilize different phases, which can make more feasible or not the CS bonding, 

because of the particles’ hardness and, more important, their ductility or plasticity [56]. 

However, the feedstock powder chemical composition has affected the CS gun 

nozzle integrity by clogging it, and this nozzle has to be selected to avoid the clogging 

phenomenon. For example, the WC nozzle for the PCS100 CS gun resists abrasion 

wear of the particles, but it is sensible to metallic alloys with Ni content higher than 

4 wt.%, e.g. 316L or Inconel. To avoid clogging, the manufacturer Plasma Giken 

supplies glass nozzles, which are not wear-resistant, i.e., glass nozzle erodes during 

the depositions but is not susceptible to damage by clogging. For long-time CSAM 

depositions, short-lived glass nozzles become a problem because the spraying forced 

interruptions to change this item due to its performance reduction by the wear and 

profile alteration. This eroded profile reduces the Vparticle, diminishing the CSAM-ed 

material quality. Besides the inherent cost of the nozzle, thousands of euros each, this 

deposition time stopped cools down the consolidated material, promoting a thermal 

contraction, which can result in tensile residual stress, as discussed in Article 5. 

 



 

 



 

 

 

 

ARTICLE 2 “THE INFLUENCE OF THE POWDER CHARACTERISTICS ON 

316L COATINGS SPRAYED BY COLD GAS SPRAY” 

R.F. Vaz, A. Silvello, J. Sanchez, V. Albaladejo, I.G. Cano 

 

 
10.3390/coatings11020168 

 

This work presents the powders' characteristics influences on the 

microstructure of CS-ed 316L coatings, such as porosity and oxide contents, which 

alter its corrosion behaviour and wear performances. It evaluates four 316L 

feedstock powders made by different manufacturers sprayed with the same CS 

equipment and parameters. A relation between the powders’ characteristics and CS-

ed coating properties was proposed based on the CS-ed coatings' characteristics 

and properties. Coatings microstructure, adherence, hardness, corrosion behavior, 

and wear resistance results are presented and discussed. The water atomized 316L 

powder had a similar performance to the gas atomized powders. 

It supported the selection of 316L feedstock powder for the following CSAM 

depositions, reducing the AM-ed parts costs by using the cheapest option among 

the materials studied. 

https://www.mdpi.com/2079-6412/11/2/168
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4.2. Geometric Limitations of CSAM Deposition Strategies 

Compared to other AM techniques, especially laser-based ones, CSAM has the 

advantages of a high deposition rate, in the magnitude of kg·h–1 and deposition 

efficiency, >99% for some materials, like pure Ti and pure Cu; however, some 

limitations have to be listed too, as poor interparticular bonding strength that results in 

poor mechanical properties and fatigue life, and limited geometric accuracy, which 

restricts CSAM to make just a few simple geometries. This last one has been studied, 

and different deposition and robot strategies are reported in the literature for controlling 

the CSAM-ed geometric aspects and accuracy. 

4.2.1. Conventional Approach to Produce CSAM-ed Parts 

Simple robot strategies have been the most used deposition strategies for 

thermal spraying, including CS coating depositions. The simple strategies are called 

traditional for the following analysis, and the traditional has been applied for a flat 

substrate surface and tubular or cylindrical. Traditional strategies have a common 

characteristic: the CS powder-laden jet reaches the substrate at a normal angle, 

improving the material quality since the maximum Vimpact is achieved. One of the CSAM 

traditional strategies is the rotation of a tubular or cylindrical substrate, which is coated 

by CS-ed layers while rotating around its axis of symmetry, as presented schematically 

in Figure 24. 

 

Figure 24: CSAM rotation strategy scheme. Material: 316L powder and 3 mm wall thick Al pipe 
substrate. 
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It results in high bonding strength and homogeneous residual stress distribution. 

However, this strategy is geometric limited to symmetrical parts, although it covers a 

good range of CSAM-ed parts, such as piping elements, e.g., valve bodies and flanges. 

CSAM rotation strategy can easily be combined with other CSAM strategies for more 

complex geometries. Figure 24 presents the CSAM rotation strategy depositing 316L 

on Al tubular substrate, with the CS Kinetiks gun kept static and the substrate rotating 

and moving linearly following the designed path length. 

The CSAM traditional strategy, which keeps the CS powder-laden jet 

perpendicular to the substrate surface, is the most common strategy for CS coating 

deposition on flat surfaces because it guarantees the maximum Vparticle at the impact 

with the substrate. Figure 25 presents a CSAM traditional strategy scheme in which 

the CS particle-laden jet is in the Z-direction and the substrate surface in the XY-plane. 

Figure 25 also shows the final pyramid-like shape obtained for the CSAM-ed 316L part. 

The same strategy is the standard for other thermal spray techniques, e.g., HVOF and 

APS. However, employing this CSAM traditional strategy results in low geometric 

accuracy, building the CSAM-ed deposit with a pyramid-like shape, i.e., inclined 

sidewalls. 

 

Figure 25: CSAM traditional strategy scheme for a flat substrate. Material: 316L powder and 3 mm 
thick Al substrate. 
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4.2.1.1. Effects and Optimization of CSAM Traditional Strategy Parameters on 

Part’s Shape 

Controlling the deposit sidewall inclination is a challenge for CSAM. This 

inclination results from the materials’ sprayed properties, CS powder-laden jet 

characteristics, and substrate geometry. The CS particle-laden jet has a density of 

particle inhomogeneous, and its center concentrates more particles than its periphery 

by a Gaussian distribution, which is a different and particular distribution for each 

feedstock material. Besides that, the velocity of particles in the jet’s center is higher, 

improving the bonding, DE, and cohesion of particles in this region. As a result, more 

particles usually bond where the jet’s center reaches the substrate than on its 

periphery, producing a pyramid-like deposit, also named the tapering effect [57,58]. 

This effect is neglected by spraying over the substrate edges, i.e., a complete substrate 

surface covering, and not only in a specific area of the substrate surface, i.e., spraying 

only on the center of the plate, Figure 26. It is deeply discussed in Article 3. 

 

Figure 26: Results of reducing the robot velocity at its path corners. Material: 316L powder and 3 mm 
thick Al plate substrate. 

An intent to reduce the CSAM-ed part sidewall inclination was varying the robot 

velocity, reducing it at the path corners. It was assumed that a lower velocity at the 

robot path corners should result in higher DE during the first layers, avoiding the 

pyramid formation, or at least more particles bonded due to a longer spraying time. 

However, the result was the formation of “mountains” on these path corners and the 

undesired sidewall angle, as seen in Figure 26 for CSAM-ed 316L. An extrapolation of 

this strategy was keeping the gun at the robot path corners, v = 0, for a second to 

prevent the sidewall angle initiation. This result is presented in Figure 27, with a 

progressive mountain formation in this endpoint with the number of layers. 
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Figure 27: Results for CSAM stopping in the robot path corners. Material: 316L powder and 3 mm 
thick Al plate substrate. 

The effect of the low velocity of particles at the CS powder-laden jet periphery 

supplants the effect of longer spraying time at the robot path corners. This velocity 

remains below the Vcr, derailing the bonding of particles. Besides that, after the inclined 

sidewall formation, the particles reach the surface with an unfavorable angle by a 

vector velocity decomposition, making the Vimpact even lower. This vector 

decomposition is better presented in Article 5. 

Another parameter optimization proved for CSAM traditional strategy was 

varying the robot path length of each layer, making the gun surpass the previous layer. 

This strategy aimed to eliminate the initiation of the sidewall inclination by spraying this 

area with more particles each pass, making the dense powder-laden jet center invades 

the region where was just its periphery in the previous layer. The results are presented 

in Figure 28 for CSAM-ed 316L, where the positive values indicate increasing the path 

length, e.g., +0.3 mm each pass, and the negative values go in the opposite direction. 

For the “-0+0” sample, it is noticed a shape symmetry with equal small mountains on 

both sidewalls. 

 

Figure 28: Results for CSAM advancing the path length each layer. Material: 316L powder and 3 mm 
thick Al plate substrate. 
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However, for the samples with the variation of path length, the positive values 

produced smaller mountains than the negative ones, indicating a more homogeneous 

or planar CSAM part top topography, while the negative values, shorting the robot 

travel each layer, resulted in higher mountains, as observed in Figure 27 front view. 

However, this strategy did not affect the sidewall angle, resulting in the same angle for 

all of the CSAM strategy parameters selected. 

The robot manipulation has been used to rectify the CSAM-ed geometry. The 

layers grow with the typically inclined sidewall, but after a certain part height, a 

correction layer on the inclined sidewalls is applied. This strategy is reported in the 

literature by Nardi et al. [59] and Wu et al. [60], among others, explaining how a 

sequence of spraying layers with different angles with the substrate can result in a 

controlled part sidewall inclination. It also makes it feasible to obtain a more complex 

geometry, like CSAM-ed Ti square thin-wall section as presented by Vargas-Uscategui 

et al. [43]; however, employing two robot arms and a complex programming. These 

solutions limit the CSAM industrial application mainly because of the time consumption 

for the robot programming for a specific geometry. 

This robot strategy for the sidewall angle correction layer was proved for CSAM 

316L. After optimizing parameters, a set of layers was sprayed in the vertical direction 

(perpendicular to the substrate face), another set inclining the CS gun, again a set in 

vertical, and another set inclined, alternatively. The previous depositions helped to 

determine the gun inclination and the number of layers for each set or step of 

deposition because the objective was making a vertical sidewall angle. In the end, 

these parameters can be optimized for any desired off-normal angle, but in this 

experiment, 90 degrees with the substrate plane was the target. 

The result of the CSAM correction layers strategy is presented in Figure 29, 

showing the scheme or sequence of deposition and the number of layers for each step. 

The final result is also noticed with an explicit correction of the sidewall angle, from 40 

to 5 degrees, without visual cracks or decohesion between the layers or steps. A 

microscopical analysis showed a high density in all the steps, porosity <1%; however, 

an evident interface between the steps, exemplified by arrows between steps 1 and 3. 

This is the CSAM-ed material’s weakest region, and a premature failure can occur in 

this interface due to the aligned defects. 
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Figure 29: Results of using the sidewall inclination layer correction strategy. Material: 316L powder 
and 3 mm thick Al plate substrate. 

4.2.2. New Approach to Produce CSAM-ed Parts 

An alternative solution presented in this work is controlling each layer's sidewall 

inclination and thickness, making robot movements that rectify the inevitable pyramid-

like shape of each isolated CS layer. A method named Metal Knitting has been 

developed, based on deposition with a non-linear path described by the robot but a 

constantly changing deposition angle. The final movement is a virtual cone-like, as 

presented in detail in Article 3. This CSAM strategy was proved for thin and hight walls, 

made by a single robot line employing the Metal knitting movements. In addition, it was 

used to produce bulks, employing many parallel robot path lines. This last strategy is 

compared with the CSAM traditional strategy in Article 5, regarding their 

microstructures and mechanical properties. 

 



 

 

 

 

ARTICLE 3 “METAL KNITTING: A NEW STRATEGY FOR COLD GAS SPRAY 

ADDITIVE MANUFACTURING” 

R.F. Vaz, V. Albaladejo, J. Sanchez, U. Coaña, Z.G. Corral, H. Canales, I.G. Cano 

 

 
10.3390/ma15196785 

 

This work presents a new conceptual strategy for CSAM spraying. The 

controlled manipulation of the robot arm combined with the proper spraying 

parameters aim to optimize the deposition efficiency and the adhesion of particles 

on the part sidewalls, resulting in geometries from thin straight walls, less than 5 mm 

thick, up to large bulks. This new strategy, Metal Knitting, is presented regarding its 

fundamentals and by comparing the parts’ geometries produced by Metal Knitting 

with the CSAM traditional strategies. The Metal Knitting made parts with vertical 

sidewalls, contrasting the 40 degrees of inclination obtained by the CSAM traditional 

strategy. Their mechanical properties, microstructures, hardness, and porosity are 

also compared for Cu, Ti, Ti6Al4V, 316L stainless steel, and Al parts. 

 

https://doi.org/10.3390/ma15196785
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4.2.2.1. CSAM Traditional and Metal Knitting Strategies for Al Parts 

The CSAM-ed Al bulks were evaluated visually and by NT to check the 

material's porosity distribution. For both samples, the sidewall angles are very close to 

the normal with the substrate plane. However, the surface aspects differ, as seen in 

Figure 30, with a smoother surface for the CSAM-ed Al traditional strategy-made 

sample and a rougher and irregular shape for the other one. The banded parallel waves 

in both samples result from the principal deposition line path. 

 

Figure 30: CSAM traditional and Metal Knitting Al parts. Unit mm. 

The velocity of particle is higher for the CSAM traditional strategy, as presented 

in Article 5. By this higher energy at the impact, the CSAM-ed Al particles deform more 

using this traditional strategy, resulting in a lower porosity than the Metal Knitting 

sprayed ones. It is presented in the NT results, Figure 31 and Figure 32, where the 

darker areas represent the dense material and the lighter areas indicate the lower 

density and, consequently, the concentrate porosity for the CSAM traditional and Metal 

Knitting Al bulks, respectively. 

For the first one, the porosity is close to zero, while for the second one, the 

porosity is higher than 6%. Besides the porosity value, the porosity distribution is 

noticed, which surrounds each Metal Knitting layer. It happened because the DE and 

deposition rate is too high for Al, reaching 10 mm each pass, creating shaded areas 

for the next CS powder-laden jet. 
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Figure 31: NT images of CSAM traditional Al part. 

 

Figure 32: NT images of CSAM Metal Knitting Al part. 



150 
 

Some alternatives to using the CSAM Metal Knitting strategy for Al are reducing 

this deposition rate, which is possible by accelerating even more the robot arm, 

reducing the powder feeding, or both. However, the powder feeder of PCS100 CS gun 

cannot guarantee a constant powder flow employing lower powder feeding values than 

the actual set, making this solution unfeasible for now. The other possibility is limited 

by the robot arm inertia, which makes it impractical for the complex movements 

described for the Metal Knitting strategy. Even though the CSAM Al Metal Knitting 

presents a lower quality, this strategy seems unnecessary to obtain a sidewall normal 

to the substrate plane since, employing the traditional strategy, no tapering effect is 

observed, and a fully dense material is produced. 

4.3. CSAM-ed Parts 

This section presents the characterization of some CSAM-ed parts and CS-ed 

coatings, and the materials’ properties. The first approach was considering CS for 

coatings, characterizing these coatings, and measuring their mechanical properties. 

Evaluating the CS-ed coating properties is a valid starting point since the 

microstructure does not vary much from CS-ed coating condition to large CSAM-ed 

parts. Optimizing and validating CS parameters for coatings helps to prevent lengthy 

CSAM depositions with inadequate conditions. To move from CS-ed coating condition 

to CSAM-ed bulk production, evaluating residual stresses is essential, mainly 

regarding their origin, values, compressive or tensile, directions, and distribution. Thus, 

studying this behavior of the CS-ed coatings considered above is an intermediate step 

to evaluating the parts/bulks produced by CSAM. 

In the following sections, specific characterizations are presented, evaluating 

different materials, strategies of deposition and post-treatments and characterization 

techniques. 

4.3.1. Characterization of CS-ed Samples 

Characterizing CS-ed 316L, Cu, and Ti coatings and measuring their 

mechanical properties were previously shown in Article 2. The effect of CS-ed coating 

thickness on the material properties is presented in the following Article 4, which also 

shows results and discussions of nano-characterizations of CS-ed Cu and Ti coatings, 

revealing its relationship with the adhesion and performance behavior with different 

coating thicknesses. 



 

 

 

 

ARTICLE 4 “FRETTING WEAR AND SCRATCH RESISTANCE OF COLD-

SPRAYED PURE CU AND TI” 

R.F. Váz, A. Silvello, P.D. Cavalière, S. Dosta, I.G. Cano, L. Capodieci,·A. Rizzo, 
D. Valerini 

 

 
10.1007/s13632-021-00758-2 

 

This work analyses the fretting and wear behavior of CS-ed pure Cu and pure 

titanium coatings. The low porosity and high strength materials led to high resistance 

to wear damage through the optimal energy dissipation upon fretting. Due to the 

sprayed particles' deformation mode, the CS-ed materials show non-uniform 

hardening along the deposition distance, influencing the materials' properties and 

the response to the wear damage. It was demonstrated by the scratch tests 

performed on coatings with different thicknesses. CS-ed thicker material revealed 

the best wear resistance due to the deformation hardening. The harder coatings also 

revealed a brittle fracture at the experienced highest loads. 

Understanding this behavior in coatings is important for CSAM because the 

superficial condition does not change significantly from a thick CS-ed material to a 

large CSAM-ed part. In addition, knowing the superficial needs and performance of 

CS-ed materials supports the use of superficial post-treatments to improve their wear 

or corrosion performances. 

https://doi.org/10.1007/s13632-021-00758-2
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4.3.2. Residual Stress Evaluation 

CS-ed Cu, Ti, and 316L had their residual stress measured by XRD, which is 

presented in the literature as an adequate technique for coatings but unable to 

measure larger volumes of material because of the XRD low energy to penetrate them 

[61]. Thus, ND has been successfully applied for deeper penetration, as described in 

Article 5. Other post-treatments, SPS and HIP, were evaluated to improve the CSAM-

ed material properties. 

4.3.2.1. Residual Stress on CS-ed Samples 

CS-ed Cu, Ti, and 316L with different coating thicknesses were sprayed using 

the CS Kinetiks equipment on 200×20×3 mm3 steel substrate, resulting in the samples 

presented in Figure 33. As the CS deposition result, 1- and multi-layer coatings had 

100/1080, 200/1070, and 335/910 µm thickness for Cu, Ti, and 316L, respectively. 

During the CS deposition, the samples bent positively, as presented in Figure 34, which 

is macro evidence of the micro-mechanisms that result in compressive residual stress. 

The substrate deformation was not higher for a much more material deposited (CSAM-

ed 316L), signing that the first CS-ed layers governed the final top shape geometry 

and more or less represented the final residual stress distribution in the CSAM-ed 

material. 

 

Figure 33: CS-ed Cu, Ti, and 316L samples for XRD. 

This bending deformation or curvature is used for another stress measurement, 

named in situ coating properties, that correlates this sample deformation during the 
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spraying time and after it, the cooling time, to the stress by a model presented by Tsui 

and Clyne [61]. This method is helpful for thermal spraying processes, including thin 

CS-ed layers, but not for CSAM-ed bulks because of its coating thickness limitation. 

The model that considers the material properties, coating characteristics, and bending 

curvature to calculate the stress is presented in (8), where σc is the average stress in 

the coating, E’c is the in-plane modulus of the coating, E’s is the in-plane modulus of 

the substrate, ts is thickness substrate, and dR is the change in radius caused by 

deposition of layer thickness dtc. It calculates deposition and residual stress after the 

material cools down to room temperature. 

 σc =
E′

s · ts · (ts + β1.25 · dtc)

6 · dR · dtc
;  β =

E′c

E′s
 (8) 

 

 

Figure 34: CS-ed and CSAM-ed 316L bent samples due to the compressive residual stress. 

The thermal sprayed coatings residual stresses are the result of three distinct 

mechanisms basically: (a) quenching stresses, (b) peening stresses, and (c) thermal 

mismatch stresses. Quenching stresses are tensile and arrive from a rapid shrinkage 

and contraction of the splats during the formation stage of the coating. Peening 

stresses are compressive and originate from the impacts of the sprayed particles on 

the substrate or the previously deposited material. Finally, thermal mismatch stresses 

are generated in the post-deposition cooling stage due to material mismatch between 

the coating and the substrate, which have different coefficients of thermal expansion 

(CTE) [62–64]. 

Figure 35 presents the residual stress measured by XRD for CS-ed Cu, Ti, and 

316L in the X- and Y-direction on the XY-plane reference indicated in Figure 33. These 

stress nomenclatures are also presented in the literature as σx and σy, where σ 

indicates a normal stress, not a shear stress, which is represented by τ. It is noticed 
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that all the values are in the compressive stress field, which indicates that the peening 

effect stands out over the quenching and the thermal mismatch ones for CS. It is 

noticed that the bending of the substrate during the CS deposition, Figure 34, acts as 

a stress relieving mechanism, which reduces the residual stress compressive 

magnitude that tends to be much higher for a more rigid substrate. 

Figure 35 shows that the values in X- and Y-direction were very close, which is 

a sign of planar isotropy for the sample geometry studied. Another interpretation can 

be assumed from the effect of coating thickness on the residual stress, considering 

that low changes can be seen, neither a trend, because for Cu and 316L, a slight 

increase in residual stress is observed from 1- to multi-layer. However, CS-ed Ti 

coating had the opposite trend behavior. 

 

Figure 35: CS-ed Cu, Ti, and 316L residual stress results measured by XRD. 

However, compressive stress in the CS-ed coating on a rigid substrate can 

reach magnitudes high enough to overcome its adhesion or bonding strength to the 

substrate, resulting in decohesion or debonding. It is a catastrophic result for any 

coating. It happened for CS Inconel 625 on Inconel 625 substrate, as presented in 

Figure 36. Increasing the bonding strength and relieving the excessive residual stress 
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in CSAM-ed repairs is a challenge for scholars, who have employed different 

techniques to spray low plasticity materials, such as Inconel alloys. 

 

Figure 36: Residual stress overcoming the bonding strength for CS-ed Inconel 625 on Inconel 625 
substrate. 

4.3.2.2. Residual Stresses on CSAM-ed Samples 

For the CSAM-ed materials mechanical properties evaluation, 316L results are 

presented in Article 5. A significant content about the residual stresses is described 

there. ND has been successfully applied for deeper penetration, and the effect of 

different post-treatments, SPS and HIP, were evaluated to improve the CSAM-ed 

material properties. 

 



 

 

 

 

ARTICLE 5 “THE EFFECT OF ANNEALING AND DEPOSITION STRATEGY ON 

316L PROPERTIES PRODUCED BY COLD SPRAY ADDITIVE 

MANUFACTURING” 

R.F. Váz, V. Luzin, F. Salvemini, V. Albaladejo, J. Sanchez, I.G. Cano 

 

 
Submitted 

 

This work presents the effect of heat treatment on the properties of CSAM 

316L produced by traditional and Metal Knitting strategies. The CSAM traditional 

strategy resulted in better mechanical properties, while the CSAM Metal Knitting 

promoted a higher geometric accuracy. Furthermore, after annealing, both materials 

improved their particle cohesion, decreased their hardness, and changed the 

residual stress. This last property was measured by neutron diffractometry and 

became more homogeneous after the post-treatment. 
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The Effect of Annealing and Deposition Strategy on 316L Properties 

Produced by Cold Spray Additive Manufacturing 

Rodolpho F. Vaz1, Vladimir Luzin2, Filomena Salvemini2, Vicente Albaladejo1, Javier 

Sanchez1, Irene Garcia Cano1 

1Thermal Spray Centre (CPT). University of Barcelona. Dpt. CMiQF. c/ Marti i Franques 1 08028 Barcelona, 

Spain. 

2Australian Nuclear Science and Technology Organisation. Lucas Heights, NSW 2232, Australia 

 

Abstract: This study investigates the effect of annealing on the characteristics and properties 

of Cold Spray Additive Manufactured 316L stainless steel, employing traditional and Metal 

Knitting strategies. 316L feedstock powder characteristics, parts’ geometries, material’s 

microstructures, porosity, microhardness, mechanical anisotropy, and residual stress by neutron 

diffraction were performed in two conditions, as-sprayed and annealed. The heat treatment 

significantly improved the Ultimate Tensile Stress and the quality of the parts, in general. The 

CSAM traditional strategy resulted in higher mechanical resistance; however, the Metal 

Knitting presented a better part geometry control. After heat treatment, both materials had the 

same microhardness and planar isotropy. A discussion about the mechanisms, microstructural, 

and residual stress evolution is presented. 

Keyword: Cold Spray; 316L; Additive Manufacturing; Isotropy; Mechanical Properties; 

Microstructure; Residual Stress. 

1. Introduction 

Cold Spray (CS) is a thermal spray process based on solid-state deposition, accelerating 

particles to high velocities, up to 1200 m·s–1, that impact onto a surface, also called substrate 

[1,2]. Besides a coating technique, CS has been studied in the last years as an Additive 

Manufacturing (AM) method, employing Ti, Al, steel, and Cu alloys, among others. Comparing 

CSAM to Selective Laser Melting (SLM) or Direct Laser Deposition (DLD), it produces thicker 

and denser layers each pass, with theoretically unlimited height and deposition rates in the order 

of kilograms per hour [3]. CSAM also has the advantage of maintaining the chemical and phase 

composition of the feedstock material on the deposit [4], which does not occur for Wire Arc 

Additive Manufacturing (WAAM), SLM, or DLD, for example. The mechanism of CSAM 

material consolidation is the severe plastic deformation of the sprayed particles upon their 

impact below the material melting point [5–8]. The literature explains the adhesion and 

cohesion mechanisms: Adiabatic Shear Instability (ASI), localized melting, diffusion, and 

mechanical interlocking, which are related to the particles’ conditions and high kinetic energy 
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instead of high temperature seen in other AM processes. In addition, it prevents the 

recrystallization phenomenon and improves the CS sprayed material’s properties by cold-

working [9–13]. 

It is essential to study the CSAM mechanical properties, microstructure, homogeneity, and 

mechanical isotropy because they influence the CSAM part performance. At the impact, the 

CS-ed particles deform, and spherical feedstock powders become lens-like particles or splats. 

Big particles have an internal gradient of grain deformation, with more deformed grains at the 

particles’ surface but retaining undeformed grains in their centre [5,14]. This deformation can 

be measured by the Flattening Ratio (FR); however, it cannot be interpreted from an irregular 

shape feedstock powder, as the water atomized ones [15]. As for CSAM, the oriented grain 

deformation is responsible for anisotropic response in other fabrication processes, such as cold 

rolling [16], extrusion [17], or friction stir welding [18]. For CSAM isotropy, Cu presented 

higher Ultimate Tensile Strength (UTS) and elongation (ε) in a direction parallel to the gun path 

direction, X-direction in Figure 1, than in the transversal one, Y-direction in Figure 1 [19–21]. 

On the other hand, compression loading did not promote anisotropy on CSAM Cu bulk [22]. 

There is a lack in the literature for the evaluation of isotropy regarding the Z-direction presented 

in Figure 1, which is a contribution of this work, filling this lack for the CSAM-ed 316L 

stainless steel since just a few authors considered this direction, which is fundamental for large 

CSAM parts. 

1.1. CSAM Deposition Strategy 

It is known that the CSAM deposition strategy influences the material isotropy besides the 

CSAM part geometry [23,24]. The traditional strategy presented in the literature [19–21,25], 

Figure 1, limits the CSAM parts' geometries, making high-height thin walls or vertical sidewall 

parts unfeasible, requiring additional layers with an inclined gun for rectifying the sidewall 

inclination [26,27]. Yin et al. [25] improved CSAM Cu planar isotropy by alternating the 

spraying path for the traditional strategy, alternating layers on the X- and Y-directions, Figure 

1; however, they neglected its effect on the Z-direction. For these requirements, the Metal 

Knitting CSAM strategy has been developed, and it was presented in detail by Vaz et al. [28,29], 

who clarified the understanding of Metal Knitting. The Metal Knitting strategy impresses a 

circular-like movement on the substrate plane, keeping the CS powder-laden jet not 

perpendicular to this substrate and describing the final path as a virtual frustum of a cone, as 

presented schematically in Figure 1. This strategy produced thin vertical sidewalls parts and 

large bulks of Ti, Cu, 316L, Ti6Al4V, and Al. 
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Figure 1: CSAM strategies. (1) CS gun nozzle, (2) powder-laden jet, (3) substrate, (4) robot path. 

Heat treatments (HT), in special annealing, have been studied as post-treatments for CSAM to 

improve the materials’ mechanical properties, as presented in the literature for Al, Cu, and 316L 

stainless steel. The latter had increased mechanical strength and ductility due to the 

interparticular atomic diffusion and recrystallization phenomena. However, the CS cold work 

hardening had this effect dwindled or entirely removed by the material recuperation at high 

temperatures [5,24,25,30–33]. Therefore, this work presents a study considering CSAM-ed 

316L produced by the traditional and Metal Knitting strategies before and after an annealing 

post-treatment. 

1.2. CSAM Porosity 

CS is a process in which the porosity obtained in the material is controlled, depending on the 

material application and the component design, e.g., porous implants for the medical sector or 

dense parts for the aerospace industry. The literature reports that CS-ed Ti can range from a 

porosity of 40 vol.% [34] to a density very close to 100 vol.% [35]. Porosity is an important 

material characteristic. The pores morphology, size, and distribution in the CS-ed material, 

especially when using unconventional CSAM robot strategies, is one of the key indicators of 

the quality of the material and of the capacity of the new deposition strategy to obtain the desired 

properties and consequently CSAM-ed performance [27]. 

At the time of writing, porosity has been characterised by means of different techniques. Image 

evaluation has been the most straightforward and most commonly used approach by scholars, 

following the ASTM E2109-01 [36] standard; other methods available are gas or He 
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pycnometry [37,38], X-ray microtomography [39,40], laser-ultrasonic inspection [41], water 

absorption or Archimedes method [27,42], and electrochemical impedance spectroscopy [43]. 

An alternative analytical method is neutron imaging which exploits the interaction between 

matter and neutron radiation to obtain a spatially resolved map of a specimen or phenomenon. 

Since, contrarily to X-ray, the neutron attenuation of an isotope is independent of its atomic 

number, neutron radiation features a higher penetration power for most of the dense materials. 

In neutron radiography, a two-dimensional map of the attenuation of the probing neutron beam 

caused by the composition and density of the sample material is measured. The resulting map 

is a shadow image of the sample yielding information about its inner structure and composition. 

Neutron Tomography (NT) is the three-dimensional transposition of a radiographic analysis. A 

typical tomographic scan consists of multiple projections (or radiographs) collected by spinning 

the sample around its vertical axis with a known angular increment over a range of (at least) 

180°. These projections are computed to create a stack of slices that can be recomposed to create 

a three-dimensional virtual model [44]. 

In the last decade, the increased application of NT, in particular, as a non-destructive testing 

tool can be related to the improved spatial resolution and the rapid progress in the digital image 

recording handling and treatment of the imaging data by sophisticated software [45]. Chankow 

[46] has shown how appropriate image treatment enables defect identification and 

quantification, including cracks, flaws, and pores, which is an attractive capability, especially 

for CSAM characterisation. 

Nowadays, NT is broadly applied to various fields, such as fuel cells, hydrogen storage, 

batteries, engine components, plants, historical and archaeological objects, and geological 

materials, among others [45,47]. More specifically to AM, Watkins et al. [48] characterized an 

Inconel 718 turbine blade AM-ed by Direct Laser Metal Sintering (DLMS), revealing internal 

cooling channels and the high material density; Turner et al. [49] presented a 3D model for the 

porosity distribution in a Mar-M 247 large bulk produced by Selective Laser Melting (SLM); 

Brooks et al. [50] showed a skeletonization of the pore structure in Ti6Al4V produced by 

Electron Beam Melting (EBM); and Grazzi et al. [51] characterized an SLM-ed Maraging 

nozzle, presenting the higher porosity concentrated in the thicker region of the component. 

However, the evaluation of CSAM porosity still needs to be improved in the current literature, 

and NT applied to CSAM can bridge the existing gap. This work aims to provide scholars with 

a benchmark study on evaluating the three-dimensional distribution and size of porosity 

produced by different strategies and the annealing effect on the bulk of CSAM-ed 316L 

samples. 
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1.3. CSAM Residual Stress 

AM processes produce stress during the material consolidation, cooling time, or even by post-

treatments, and the result of these stresses is known as residual stress. It can be tensile, neutral, 

or compressive, creating distortions or cracks in AM-ed components. For example, Cottam et 

al. [52] presented residual stress between 300 and –300 MPa for DLD-ed H13 steel; Luzin et 

al. [53] evaluated WAAM-ed Ti6Al4V, resulting in residual stress between 450 and –200 MPa; 

Bobzin et al. [54] obtained values on the CSAM-ed AlCu6Mn surface between –70 and –

120 MPa; while Wu et al. [55] deposited 316L by SLM, resulting in residual stress between 

500 and –300 MPa. The material consolidation, i.e., melting, sintering, or solid-state deposition, 

develops different microstructural characteristics and residual stress evolution. 

Tsui and Clyne [56] presented a model for thermal spraying coatings, dividing the material 

stressing into three stages: intrinsic or quenching stress by the impact and deformation of the 

sprayed hot particles; mismatch in thermal contraction during cooling due to the materials 

coefficient of thermal expansion (CTE) discrepancies; and the final value or residual stress that 

remain in the consolidated material after all the deposition and post-deposition stressing 

mechanisms. For CS, Luzin et al. [57–59] concluded that the residual stress is highly correlated 

with the deformation properties of the material, suggesting that the kinetic effects have more 

importance than the thermal effects. However, a high mismatch between the CTE of the 

materials, such as Ti and Cu, can result in tensile residual stress instead of the typical 

compressive residual stress presented in the literature for CS-ed materials [60,61]. 

Some techniques have been employed to measure the residual stress in CS-ed materials, as 

listed by Luzin et al. [62]: In-Situ Curvature, X-ray diffraction, Incremental Hole Drilling 

(IHD), crack compliance, Synchrotron diffraction, and Neutron Diffraction (ND). This last one 

is presented in the literature as capable of overcoming some limitations of the other techniques. 

The non-destructive ND technique considers the plastic deformation of the substrate, penetrates 

the metallic material in order of centimetres, and has high accuracy. However, only a few ND 

equipment are available worldwide [45], and this technique demands high technical expertise 

to develop the testing and analyse the results. For ND, a monochromatic beam of neutrons with 

a chosen wavelength reaches the material, interacting with their atoms’ nuclei, reflecting and 

diffracting. A position-sensitive detector reads the beam diffracted. Microstructural 

characteristics of the material require changes in the process parameters, and sometimes the 

evaluation can delay for hours or days [61]. In the present work, ND was employed to measure 

the residual stress of CSAM-ed 316L. 
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2. Materials and Methods 

The depositions, characterizations, and performance testing were done at the Thermal Spray 

Centre (CPT), University of Barcelona (Barcelona, Spain), following the sequence of 

characterisation of feedstock powder, CSAM depositions, annealing, and CSAM-ed material 

characterization. The ND and NT experiments were performed at the Australian Nuclear 

Science and Technology Organisation (ANSTO) (Lucas Heights, Australia). 

2.1. CSAM Deposition 

A PCS 100 equipment (Plasma Giken, Saitama, Japan) fitted with a long glass nozzle was used 

for the part production, using as working gas N2 at a pressure of 6 MPa and temperature of 

1000 ºC, standoff distance of 25 mm, and powder feeding of 0.43 g·s–1. At this standoff 

distance, the velocity and size of sprayed particles were measured by HiWatch equipment 

(Oseir, Tampere, Finland), collecting 150 values to plot results as histogram distributions. The 

substrate was a 3 mm thick Al plate previously sand-blasted with new alumina to clean and 

prepare the substrate for thermal spraying [63]. The feedstock powder was water atomized 316L 

stainless steel (Daye, Shijiazhuang, China), selected among others after a previous study 

evaluating its good performance over gas atomized ones [15]. The powder size distribution was 

measured by Laser Scattering (LS) in LS13320 equipment (Beckman Coulter, Brea, CA, USA) 

in accordance with the ASTM B822-02 [64] standard, in dry via mode. After etching in aqua 

regia solution (30 mL HCl, 10 mL HNO3, and 20 mL H2O), its shape and cross-section images 

were obtained by Scanning Electron Microscopy (SEM) in a Pro Desktop SEM equipment 

(Thermo Fisher Phenom, Eindhoven, the Netherlands). The powder nominal composition was 

analysed by Inductively Couple Plasma (ICP) using an ICP-OES 3200 RL equipment (Perkin 

Elmer Optima, Waltham, MA, USA). The powder’s apparent density and flowability were 

measured in accordance with the ASTM B212-99 [65] and ASTM B213-03 [66] standards, 

respectively. 

CSAM traditional strategy was performed moving the gun following the path indicated in 

Figure 1, keeping the powder-laden jet perpendicular to the substrate surface plane. A layer was 

completed after the gun scan entirely the substrate area with a velocity of 0.5 m·s–1. CSAM 

Metal Knitting strategy used a radius of 3 mm, a cone angle of 35 degrees with the virtual cone 

axis, and a robot linear speed of 0.2 m·s–1. The description of each Metal Knitting variable is 

presented by Vaz et al. [28]. The directions indicated in Figure 1 were used to name the samples 

to characterize and evaluate the material’s properties. For the interpretations of the results, the 

X- and Y-direction form the XY-plane, and the X- and Z-direction form the XZ-plane. 
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2.2. Heat Treatment 

CSAM-ed 316L stainless steel samples were machined by wire Electrical Discharge Machining 

(EDM) to eliminate the Al substrate and submitted to an HT of annealing, 1 h at 1000 ºC in air 

in a furnace CRN 4-18 (Hobersal, Caldes de Montbui, Spain). These parameters were selected 

based on their effect on promoting interparticular bonding and ductility for 316L stainless steel 

[31,67–69]. 

2.3. Characterization and Mechanical Properties Testing 

The metallographic preparation of the samples’ cross-section followed the ASTM E1920-03 

[70] and ASTM E3-01 [71] standards. A DMI5000M (Leica, Wetzlar, Germany) microscope 

was used for the Optical Microscopy (OM) to obtain images to evaluate the materials’ 

microstructures and porosity, which was analysed with the software ImageJ on five OM images 

at 200× magnification for each sample, according to ASTM E2109-01 [36] standard. 

Microhardness was measured utilizing an HMV (Shimadzu, Tokyo, Japan) equipment, 

following the ASTM E384-99 [72] standard, applying a load of 0.3 kgf (HV0.3), resulting in 

average values of 10 indentations in Vickers scale for each sample. It was measured on the XY- 

and XZ-plane at different distances in the Z-direction from the substrate interface. 

 

Figure 2: (a) Scheme for tensile samples machining, (1) X-direction on the XY-plane, (2) Y-direction on the XY-

plane, and (3) Z-direction on the XZ-plane. (b) Tensile testing sample. 
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Three samples in each direction were fabricated by wire EDM process for tensile testing, 

following the drawing in Figure 2, which guarantees a plane-strain tension condition. The 

surfaces were polished to a maximum roughness of Ra 0.8 μm. A Zmart.Pro equipment with an 

Xforce P 10 kN load cell (ZwikRoell, Ulm, Germany) was used for the tensile testing, with a 

load application velocity of 1.0 mm·min–1. The fractography was performed using SEM images 

of the fracture surfaces. 

2.4. Neutron Tomography 

The NT measurement was performed on the imaging beamline Dingo at ANSTO [73]. The 

instrument was configured in high-resolution acquisition mode, corresponding to an L/D ratio 

of 1000 (where L is the distance between the beam collimator to the image plane, and D the 

diameter of the collimator). The CMOS ASI2600MM Pro (ZWO Cameras) (6248×4176) was 

coupled with a 50 mm lens to yield images with a pixel size of 36 µm over a 224×150 mm2 

field of view. The detector system had a 50 µm thick 6LiF/ZnS scintillation screen. Projections 

were acquired with an equiangular step of 0.19°over 360° and an exposure time of 70 s each. 

Flat field normalization with dose correction, dark current subtraction, ring artifacts suppression 

in frequency, and real space domains were applied to each dataset. The NT stacks were 

computed using the NeuTomPy toolbox [74]. The Avizo 2020.3.1 software (ThermoFisher 

Scientific) was employed for data visualisation and evaluation. 

2.5. Residual Stress Measurement 

ND residual stress measurements have been carried out using the stress diffractometer 

KOWARI at the ANSTO OPAL research reactor [75]. Stress investigations were performed in 

conditions optimized for γ-Fe (311) reflection at the wavelength of 1.55 Å when the scattering 

angle was close to the optimal 90°-geometry with the take-off angle of 69° using Si (400) 

monochromator. 

A cube-like gauge volume with dimensions 5×5×5 mm3 was provided by means of the focusing 

collimator. With this gauge volume, 2D scans across a central transverse cross-section of the 

deposits in the XZ plane. The 2D mesh was chosen congruent to the size of the gauge volume 

with 4 mm steps in the two dimensions. The mesh was adapted for the real shape of the deposit; 

thus, the number of measurement points varied from 55 to 67 points. All measurement points 

were taken in such a way that the gauge volume was always fully submerged in the material. 

As a result, strain accuracy of 70 µstrain was achieved while the measurement time was varying 
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greatly depending on the exact neutron beam flightpath in the sample with a particular 

orientation. 

Measurements of three principal sample directions were taken to reconstruct three orthogonal 

stress components, provided that the proper d0 is known. Upon completion of the d-spacing 

measurements, it turned out that the constant-d0-value assumption was invalid and not 

applicable. Instead, the assumption of the near-to-zero stress component in the smallest sample 

dimension was made, which coincides with the build-up direction. The practical assumption 

was confirmed in the case of CS in several cases of 3D deposits [59,76,77], ensuring the 

approach's applicability. Although an alternative solution to the d0 problem exists through the 

experimental approach with measurements of small stress-free coupons extracted from the 

samples, this approach would be destructive and require more neutron beamtime, which was 

unavailable. 

After the calculations of the two remaining stress components, σTransversal (in-plane, parallel to 

the measured cross section) and σLongitudinal (in-plane, normal to the measured cross section), 

based on the above approach, they were checked to ensure the fulfillment of the available force 

balance (for σLongitudinal) and stress boundary conditions (for σTransversal). As a result, they both 

were compliant with the conditions within experimental uncertainties. The achieved 

experimental uncertainties were ~10 MPa, which resulted from the strain accuracy of 

50 μstrains (5×10–5). 

For stress calculations from the measured strain, the (hkl) dependent isotropic elastic diffraction 

constants were used and evaluated in accordance with corresponding single crystal elastic 

constants using ISODEC software [78]. 

3. Results and Discussion 

3.1. Powder Characterization 

The 316L feedstock powder presented a particle size distribution indicated in Figure 3,  

–60+15 µm (d90 and d10), and mean 31 µm, with an irregular shape, Figure 4 (a), and a dendritic 

microstructure, Figure 4 (b), which are typical characteristics of water atomized powders [15]. 

This irregular shape makes an evaluation of the FR impossible, which could help to interpret 

the material plasticity at the impact. FR also could be evidence to analyse the CSAM 

microstructural isotropy. The chemical composition, Table 1, indicates that the material 

followed the ASTM A240/A240M [79] standard for the 316L stainless steel, as desired. 
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Figure 3: 316L feedstock powder size distribution. 

 

Figure 4: SEM of 316L feedstock powder. (a) Three dimension and (b) etched cross-section. 

Table 1: Chemical composition of 316L feedstock powders. wt.%. 

 Cr Ni Mo Mn Fe 

316L powder 16.0 12.3 2.6 0.5 Bal. 

316L reference [79] 16.0–18.0 10.0–14.0 2.0–3.0 2.0 Bal. 

 

3.2. CSAM part 

The substrate geometry is an important factor for the CSAM-ed part geometry, mainly for using 

the traditional strategy. For example, Vaz et al. [28] and Lynch et al. [80] studied the influence 

of spraying on edges and flat surfaces for some materials. For 316L, the result was 30 and 

70 degrees, respectively. It is a consequence of a deposition efficiency gradient from the CS 

powder-laden jet center and its periphery due to a lower velocity of particles far from its central 

region [81]. These results supported the decision to produce the CSAM traditional strategy part 

on a 50 mm square plate, looking for the minimum sidewall inclination to build the part, saving 

raw powder. As a result, CSAM traditional strategy produced 221 µm thick layers, requiring 
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226 layers for a 50 mm height sample and 65 degrees inclined sidewalls. While CSAM Metal 

Knitting resulted in 3600 µm thick layers, requiring 16 layers for a 58 mm height sample, 

Figure 5. For ND and NT samples, 30 mm height samples were produced, requiring fewer 

CSAM-ed layers. 

 

Figure 5: CSAM traditional and Metal Knitting 316L samples as-sprayed for tensile testing. 

 

Figure 6: The CSAM traditional 316L applying correction sidewall angles layers. (1) first, (2) second, (3) third, 

and (4) forth steps of spraying layers. 

For the CSAM Metal Knitting 316L sample, the substrate selected was a flat surface, based on 

the experiments conducted by Vaz et al. [28], indicating that the substrate geometry had not 

changed the final part sidewall angle for this CSAM strategy. Besides that, spraying on a larger 

plate made it easier to handle the sample and hold it onto the robot arm. The CSAM Metal 

Knitting 316L sample is presented in Figure 5 with a sidewall angle of 82 degrees with the 
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substrate plane. This inclination control provided by the Metal Knitting strategy has 

microstructural advantages over the sidewall angle correction by spraying additional layers with 

the inclined gun on the inclined faces, which was proposed by Nardi et al. [26]. This last 

strategy's effectiveness for 316L is presented in Figure 6 and resulted in a reduction of the 

sidewall angle from 40 to 5 degrees, applying 25 layers each step. 

However, OM images of the bonding interface showed partial adhesion, with pores and 

separation along the previous sidewall and the correction layer interface. It indicates an aligned 

lower cohesion of particles in this area, a preferential path for cracks or decohesion of particles 

under CSAM-ed part operation loading. Wu et al. [82] experienced these inter-layer defects and 

cracks in CSAM-ed Cu samples with an inter-layers longer time interval, suggesting that the 

temperature gradient between the CSAM steps of layers, Figure 6, acts reducing the particle 

anchoring and embedding effects. It is not a theme of oxidation because Wu et al. [82] showed 

an even worse inter-layer condition for CSAM Cu and Al by machining process between layers, 

which should eliminate a possible deleterious oxide layer. Sinclair-Adamson et al. [76] 

presented microstructural heterogeneity employing the inclination correction strategy for 

CSAM-ed Cu, which became apparent in OM images showing bands or packs of layers from 

the different spraying directions. 

3.3. Influence of CSAM Strategy on the Velocity of Impact of Particles 

The deposition efficiency and the CSAM-ed material consolidation result from the particles’ 

kinetic energy converted into plastic deformation at their impact onto the substrate. The 

deposition window for 316L is between 500 m·s–1 (Vcritical or Vcr) and 675 m·s–1 [83] because 

particles under the Vcr do not adhere to the substrate, and particles with an excessive velocity 

erode the substrate. The velocity values for CS-ed 316L particles at 25 mm from the nozzle exit 

are indicated in Figure 7, a histogram that relates the frequency of measuring each value range. 

It is possible to see a few particles under 500 m·s–1, less than 20 particles, while more than 85 

particles were between 600 and 800 m·s–1, resulting in a mean value of 624 m·s–1. During the 

spraying time, all the particles were exposed to the same accelerating gas flow; however, the 

small ones had insufficient mass to maintain a straight path, spreading the powder-laden jet. In 

addition, they neither maintained a high velocity, reducing it progressively from the nozzle exit 

to the substrate. 



189 
 

 

Figure 7: Histogram of velocity of CS-ed 316L particles at the standoff distance. 

 

Figure 8: Scheme for Vimpact of particles for different parts’ surfaces, using the CSAM traditional and Metal 

Knitting strategies. 

The velocity of particles’ mean value can be used to illustrate the effect of angle of impact of 

particles on their kinetic energy, which is perpendicular to the impact surface and is converted 

into plastic deformation and consequently in adherence to the substrate. For example, at 

90 degrees, the velocity of impact is the velocity of a CS powder-laden jet, 624 m·s–1, Vimpact top 

for CSAM traditional strategy, Figure 8. However, for its 25 degrees inclined sidewall, the 

vector velocity responsible for the particle deformation, Vimpact sidewall, is only 263 m·s–1 

(624*sin25). This velocity is below the 316L Vcritical of 500 m·s–1 [83], making the material 
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consolidation unfeasible on this CSAM part sidewalls. Nevertheless, employing the novel 

CSAM Metal Knitting strategy with a knitting angle of 35 degrees, the Vimpact varies between 

511 m·s–1 (624*cos30) and 540 m·s–1 (624*cos35), Vimpact sidewall and Vimpact top, respectively. 

These values are in the deposition window for 316L but very close to the Vcritical, 500 m·s–1, 

which is the minimum value for promoting adherence and CSAM material consolidation, 

resulting in a predictable lower particle deformation, but a feasible material anchoring. 

3.4. Material Characterization 

CSAM traditional and Metal Knitting 316L produced similar material microstructures. Figure 

9 shows OM images of the samples’ cross-section on the XY-, YZ-, and XZ-plane. It may be 

observed that all the CSAM samples showed a dense and typical CS as-sprayed microstructure 

owing to the high CS-ed particle velocity, which results in deformed particles forming the 

lamellae/splats structure and some pores. As the feedstock powder used was water atomized 

with an irregular shape, Figure 4, it is impossible to identify an inhomogeneity in particle 

deformation on the X- or Y-direction and Z-direction (planes parallel and perpendicular to the 

substrate surface). However, other authors observed this difference, presenting disc-like splats 

on the XY-plane but a lens-like shape on the XZ-plane [19,20,22,84]. 

Furthermore, the etching revealed the material with a dendritic microstructure, interparticular 

limits, and grain boundaries, Figure 10. Also, it showed severe grain deformation and refining 

in the particles’ periphery, while a lower deformation was seen in the centre of the largest 

particles. SEM images with higher magnification of the interfaces between particles are 

presented in Figure 11, where arrows indicate some points of micro-welding between the 

particles, besides their plastic deformation and the intimacy typical of the ASI bonding 

mechanism [9–13,85]. 

After the annealing at 1000 ºC for 1 h, the interparticular region disappeared, revealing a 

uniformity in grain size and distribution and annealing twins throughout the structure, as seen 

in Figure 10. The CS-ed particles are severely cold-worked, which acts as the driving force for 

recrystallization. This energy for recrystallization arises from the lattice strains and the 

crystalline imperfections and dislocations generated in the material during the CS deposition 

process [86]. Besides the deformation at the impact, the consolidated CSAM-ed material is 

exposed to more cold work. Consequently, it stores even more energy by the impact of the 

sequent sprayed particles, known as shot peening effect [60,87]. The material characteristics 

changing by annealing resulted from the diffusion mechanisms by the HT temperature above 

the 316L recrystallization level for enough time to promote atomic movement in the crystalline 
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structure. Therefore, HT for a short time, 1 h, avoided some undesired phenomena decurrent of 

the annealing at high temperatures and/or a long time, like precipitation of intermetallic M23C6, 

growing of phase sigma, chi, or Laves, or even Cr depletion and sensitization [88–90]. 

Therefore, using a short time is feasible for CSAM-ed 316L due to the stored energy in the cold 

deformed particles. In addition, the atomic diffusion improved the cohesion of particles in the 

regions of the particles that were intimately close by the ASI bonding mechanism, promoting a 

micro-welding between the particles, as seen in Figure 11. 

 

Figure 9: CSAM traditional and Metal Knitting 316L OM cross-section images before and after HT. 

By a visual inspection and image analysis, following the ASTM E2109-01 [36] standard, no 

densification was observed as an effect of the annealing process. For the CSAM traditional 
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strategy, the porosity of as-sprayed material was 4.1±1.5%, and 4.3±0.5%, as HT-ed; and for 

the CSAM Metal Knitting strategy, 7.5±4.6% as-sprayed and 7.7±3.3% as HT-ed. It is worth 

indicating that these porosity values were calculated as a mean value of five OM images for 

each sample. For this reason, the OM images shown in Figure 9 and Figure 10 do not necessarily 

represent this mean value, even though they presented very low porosity. The distribution of 

pores in the material changed, and the annealing process moved the tiny pores in the 316L 

microstructure. These pores were previously distributed very thinly and evenly throughout the 

interparticular areas, but after annealing, they were converted into coarse pores surrounding the 

particles, as seen in the SEM image presented in Figure 11. 

 

Figure 10: CSAM-ed 316L OM etched cross-section image before and after HT. 

 

Figure 11: SEM image of the interparticular region before and after HT. 
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3.5. Neutron Tomography 

NT was applied to characterise microstructural features across the samples’ volumes. 

Preliminary observations based on the OM and the SEM analyses on CSAM-ed 316L did not 

show relevant macroscopic compositional and structural variations, e.g., a heat-affected zone 

commonly seen in welded materials, or a millimetre scale defect, like a crack, or a decohesion 

between the CS-ed layers or a large pore. Since the portion of the sample investigated via OM 

and SEM is generally limited, NT helped to elucidate if the microscopy observations are 

relevant for the whole sample volume. In fact, differences in grey tone shown in NT images 

depend on variations in the material density or attenuation power of the metal grains. Grazzi et 

al. [51] affirmed that the material microstructural features and cavities, with dimensions down 

to a few hundred microns, can be observed by NT, accrediting the technique for evaluating 

coarse pores distributed in CSAM-ed material. However, fine porosity in order of micrometre 

is below the resolution limit of the conventional NT method. 

A commonality observed in all investigated samples is the absence of coarse porosity, Figure 

12. Since small pores were observed in MO and SEM analyses, assuming homogeneous 

material composition, visible variation in neutron attenuation (or grey tone) in the NT data can 

be related to the concurring effect of variation in particles cohesion and the presence of porosity 

below the detection limit (<50 m). 

In the as-sprayed CSAM traditional 316L sample, Figure 12, it is possible to see four horizontal 

bands on the YZ- and XZ-planes. The two dark bands are probably related to higher cohesion 

of particles and lower porosities, while the bright bands can be explained as portions with lower 

cohesion and higher porosities. In fact, these bands coincide with three moments when the CS 

deposition stopped for refilling the powder feeder reservoir. However, it did not occur for 

CSAM Metal Knitting deposition because these pauses were unnecessary due to the thicker 

layer produced during manufacture. This remarks that pauses in the spraying process have been 

a problem for the CSAM-ed material homogeneity, which makes interfaces weak areas, as 

further discussed in the fractography section, Figure 16. Furthermore, Figure 12 indicates that 

the annealing eliminated this horizontal transition, generating a homogeneous microstructure. 

Comparing the microstructures of those areas, based on MO and SEM, the porosity values did 

not change much between them, but the size of voids was coarser in the darker areas than in the 

brighter ones. 
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Figure 12: Orthogonal cross sections through the NT reconstructed volume of CSAM traditional (top) and Metal 

Knitting (bottom) 316L samples are shown. At the centre, the reconstructed three-dimensional models indicate 

the position of the cross-sections. On the left and the right side of each model, the images refer to the sample 

before and after HT, respectively. 

Figure 12 presents orthogonal cross-sections through the computed NT model of CSAM 

traditional and Metal Knitting samples in as-sprayed and HT-ed conditions. Based on the NT 

data, it can be observed that CSAM Metal Knitting samples as-spayed and HT-ed present 

similar attenuation and homogeneous structures. However, OM images presented in Figure 9, 

Figure 10, and Figure 11 showed larger pores in as-sprayed condition but smaller and well-

distributed voids in the annealed samples. A slightly brighter grey can be observed for CSAM 

traditional 316L HT-ed sample, suggesting a more uniformly distributed and finer porosity. 
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3.6. Microhardness Evolution 

Figure 13 presents the microhardness measures at different distances from the substrate 

interface, before and after annealing for the CSAM traditional and Metal Knitting strategies, 

comparing the direction of measurement, perpendicular and parallel to the spraying jet axis, 

XY- and XZ-plane, respectively. For both strategies, the microhardness did not present a 

variation trend with the distance to the substrate. However, the microhardness on the XY-plane 

showed a slightly higher mean value than on the XZ-plane, in general. For the CSAM traditional 

strategy 316L as-sprayed, the values measured were 347±28 HV0.3 on the XY-plane and 

377±22 HV0.3 on the XZ-plane; while for the CSAM Metal Knitting 316L, they were 

246±33 HV0.3, and 216±46 HV0.3, respectively. CSAM traditional as-sprayed produced even 

higher values than laser-made AM 316L parts, but the same value after annealing is seen for 

both CSAM and SLM processes [91,92]. 

The lower microhardness for the CSAM Metal Knitting 316L samples as-sprayed is evidence 

of their lower cold working, corroborating the higher porosity discussed previously. 

Furthermore, it is related to a lower velocity of particles at the impact since the lower the 

velocity, the lower the kinetic energy converted into plastic deformation. For a flat surface, i.e., 

the first CSAM layer, this reduction of the velocity of particles, and consequently their kinetic 

energy, is due to the decomposition of the vector velocity by the cosine of the Metal Knitting 

angle selected, 35 degrees, resulting in a reduction of 27% in velocity. However, from the 

second layer onwards, the previously consolidated CSAM-ed material is no longer a flat 

surface. This is because the Metal Knitting angle became favorable to adhere the CS-ed 

particles to this curved surface, even though with a decomposed vector velocity. 

The annealing post-process reduced the material hardness due to the recrystallization and 

recuperation phenomena [30,86,93]. In addition, this post-treatment reduced or eliminated the 

effect of deformation-induced dislocation density, which is typical for the CS-ed particles 

during their deposition [20,69,93], resulting in a final microhardness between 200 and 

250 HV0.3 for both CSAM deposition strategies, Figure 13, pretty close to the results presented 

in the literature for 316L [31,67–69]. 

Figure 13 presents indentation marks on samples before and after HT. Those characteristics 

were seen for all indentations performed on the XY- and XZ-plane. Diamond-like marks with 

no cracks or micro-cracks on or near their corners were obtained for the CSAM traditional 

strategy samples, indicating the excellent toughness of the CSAM-ed 316L part. Nevertheless, 

some delamination or interparticular cracks were observed for some indentations on CSAM 
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Metal Knitting samples. These values were not considered as microhardness results, but the 

material’s behavior under loading was considered for evidencing the lower cohesion of particles 

for the CSAM Metal Knitting material. In addition, in as-sprayed samples, marks with a bit of 

deviation from the perfect diamond-like shape and deformation pile-up in the indentation 

vicinity were not evidenced in the marks observed on annealed samples. It is related to the 

annealed material's higher plasticity and ductility [94–96]. The indentation in the as-sprayed 

sample also showed a decohesion between particles by the microhardness loading, 0.3 kgf for 

15 s, which was not observed in annealed samples, bolstering the improvement of cohesion by 

the HT. 

 

Figure 13: CSAM traditional and Metal Knitting 316L samples microhardness profile results before and after 

HT. 

3.7. Tensile Properties 

Figure 14 shows the UTS values measured for the CSAM traditional and Metal Knitting 

strategies 316L samples before and after heat treatment. In the as-sprayed condition, the CSAM 

traditional strategy resulted in higher UTS than the CSAM Metal Knitting strategy in all 

evaluated directions. The lower mechanical resistance seen for the CSAM Metal Knitting 

samples corroborates their higher porosity and lower microhardness measurements previously 

presented. It is attributed to a lower cold working and particle plastic deformation due to a lower 

particle kinetic energy resulting from the vector velocity decomposition by the impacting angle 

of the particles, Figure 8. The CSAM Metal Knitting keeps the spraying angle in constant 

movement, helping to improve the deposition efficiency on the CSAM-ed part sidewalls, 

controlling its geometry, but not employing the highest velocity possible, which is at 90 degrees 

between the substrate and the powder-laden jet axis. This condition of normal angle occurred 

for the CSAM traditional strategy at the centre of the sample, where the tensile specimens were 

machined. 
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Figure 14: CSAM traditional and Metal Knitting 316L samples tensile testing results before and after HT. 

It is a clear isotropy on the X- and Y-direction for the CSAM 316L traditional and Metal 

Knitting strategies samples, indicating homogeneity of particles deformation for these axes, 

which other authors did not observe. To evaluate the planar isotropy qualitatively, an index 

UTSy/UTSx was plotted, Figure 15, presenting representative results obtained by other authors 

and different AM strategies, processes, and materials. This work resulted in higher planar 

isotropy for the as-sprayed condition than CSAM Cu or cold-worked 316L and close results to 

the CSAM and SLM 316L samples [91,97,98]. It is important to notice that SLM consists of a 

fusion of the fed powder, resulting in a dendritic microstructure without an interparticular 

region. Hence, an AM part is produced based on the powder's metallurgical joining. 

In contrast, CSAM is wholly based on particle deformation, dependent on the spraying strategy, 

as seen for Cu and Al samples [19,20,25,91,92,99]. Regarding the index UTSz/UTSx, there 

needs to be more in the literature because too few works evaluated the mechanical properties 

of the Z-direction. The authors who studied it are indicated in Figure 15. The CSAM 316L 

resulted in a severe Z/X anisotropy, mainly because of the inhomogeneity of particle 

deformation in the cited directions, affecting the cohesion of particles mechanisms and making 

it weaker in the Z-direction than in the X-direction. Furthermore, the contact area between the 

particles is smaller on the XZ-plane because the particles deform in the jet direction, generating 

lens-like splats and flattening on the XY-plane, promoting a better mechanical anchoring or 

interlocking on this plane. It does not occur for processes usually applied to produce high-height 

AM parts, such as SLM or WAAM [91,98,100–103]. For the CSAM traditional strategy as-

sprayed, UTSz/UTSx was 0.48, while for the Metal Knitting, it was 0.31, which one more time 

confirms a higher cohesion of particles in the CSAM traditional-made samples. 
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The annealing process improved the UTS for all the samples, CSAM strategies, and directions, 

as seen in Figure 14. A highlight for the UTSz, which had increased its value by five and almost 

nine times, for the CSAM traditional and Metal Knitting strategies, respectively. The annealed 

samples presented higher isotropy than the as-sprayed samples, as presented in Figure 15. For 

the planar isotropy or index UTSy/UTSx, the CSAM traditional and Metal Knitting made parts 

were close to 1.0, the perfect isotropy. 

However, regarding the index UTSz/UTSx, the Metal Knitting samples had this index improved 

from 0.31 to 0.48, while the CSAM traditional sprayed samples changed it from 0.48 to 1.02, 

reaching the isotropy with the X- and Y-direction. The mechanism to improve the CSAM 316L 

cohesion of particles and the mechanical properties is dependent on the intimate contact 

between the particles because it makes feasible the atomic diffusion and metallurgic bonding 

or union of them. 

 

Figure 15: Effect of AM technique, AM strategy, and HT on material isotropy. 
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The mechanism to improve the CSAM 316L cohesion of particles and the mechanical 

properties depends on the intimate contact between the particles because it makes their atomic 

diffusion and metallurgic bonding or union feasible. However, this HT effect is harder for the 

CSAM Metal Knitting samples under treatment, starting from lower deformed particles with 

less material intimacy than the CSAM traditional ones. 

3.8. Fractography 

Figure 16 presents a CSAM traditional 316L tensile testing sample EDM machined on the Z-

direction in as-machined condition before and as-polished after the testing. The samples were 

designed to guarantee the plane strain, and the literature shows that for a ductile bulk material, 

the fracture mechanism is the plastic deformation by shear stress in the material under external 

axial loading, resulting in a fracture angled 45 degrees with the sample symmetry axis [106]. 

However, all the CSAM-ed 316L as-sprayed had the fracture perpendicular to this symmetry 

axis, as seen in Figure 16, characterizing it as a brittle fracture. Furthermore, it evidences and 

confirms the weak interface region observed in YZ- and XZ-planes NT images of the CSAM 

traditional 316L sample presented in Figure 12, because the position of fractures of the Z-

direction tensile samples coincides with one of those transition interfaces. 

 

Figure 16: Z-direction tensile testing samples. 

For both CSAM strategies studied, the fracture morphology was observed by SEM to 

investigate the characteristics and properties of fracture, and Figure 17 shows representative 

images of the fractures’ surfaces. Before the heat treatment, the fractures occurred by cleavage-

like or decohesion, which means detaching particles from their neighbors, also known as 

interparticular or trans-particle fracture. It confirms that the interface between them was the 

preferential crack growing path and that this interparticular area was the weakest region of the 

material. The same behavior is reported in the literature for monotonic and cyclic testing for 

CSAM Al 7075 [107], Al 6061 [84], FeCoCrNiMn [108], Ti [109], and Cu [19,20,22,109], 

suggesting how important is improving the cohesion of particles for any use. 
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The fracture surfaces of the annealed samples revealed many dimples, indicating the emergence 

of the ductile mechanism of fracture, which is a consequence of a higher cohesion of particles 

that results from the micro welding phenomena by the atomic diffusion mechanism in the 

interparticular region. This improvement is numerically confirmed by the UTS results presented 

in Figure 14. This fracture behaviour is a characteristic of more ductile CS as-sprayed materials, 

such as pure Al and Ni [109]. Besides the dimples, for the CSAM Metal Knitting samples, large 

interconnected defects or pores were observed, which represent regions of weaker bonding and 

serve as a potential cause for a lower UTS and cohesion seen for these samples, even after the 

heat treatment, which did not reduce the porosity. 

 

Figure 17: SEM images of fracture surface of tensile tested samples before and after HT. 

3.9. Residual Stress 

It is possible to consider two sources of residual stress in the CSAM deposits. One source is 

due to the interaction between the deposit and the substrate, while the second one is due to the 

deposition process that results in the specific stress distribution in the deposit itself when the 

substrate is separated. This approach of decomposition of the overall stress was used previously 

[60,76]. 

Considering the contribution due to the substrate-deposit interaction, the corresponding stress 

can be significant or even dominant when the CTE mismatch of the substrate and deposit 

material is great enough. Luzin et al. [59] presented such case for a relatively thick Ti deposit 

on steel and Al substrate by CSAM, with the CTE mismatch stress being ten times higher than 

the deposition stress. The second way of the substrate-deposit interaction arises from the fact 

that the substrate plays the role of constraint when layers are deposited on it and, therefore, 
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takes part in the overall stress distribution. Suppose the layer is deposited on the substrate with 

a typical CS compressive stress. As a result, the substrate acquires some tensile stress and gets 

a concave bending to equilibrate the overall forces and moments. In the case studied in this 

work, CSAM traditional and Metal Knitting 316L, the 3 mm thick Al substrate bent a little with 

inward (concave) curvature during the CS deposition of the first layers, relieving the dominance 

of the peening effects over the CTE related effects. Similar evidence of compressive residual 

stress imposed by the peening effect and bonding between the particles was also presented by 

Nault et al. [4]. 

When the Al substrates were machined by EDM (with the intent to minimize the impact of the 

machining process on the CSAM-ed material residual stress), so that Al substrate does not 

contribute to the final residual stress distribution, the remaining stress field is only due to the 

deposition process relieving the CSAM-ed compressive residual stress and peening nature. The 

experimental stress maps of the two stress components, σTransversal and σLongitudinal in the CSAM-

ed 316L, are shown in Figure 18. The maps interpretation must consider the experimental 

uncertainties of ~10 MPa, while the stress values are in the range of ±100 MPa. Through stress 

component σLongitudinal, which is integrally balanced to zero in the whole XZ cross-section 

(Figure 18), it is noticed that the CSAM-ed 316L samples in the as-sprayed condition have their 

surfaces characterized mainly by a compressive stress condition, except on a region on the top 

area of the CSAM Metal Knitting as-prayed sample. Since the deposition stress is the overall 

result of the composition of the competing quenching and peening mechanisms, e.g., Luzin et 

al. [59], it is possible that in some locations where the peening effect is reduced (or quenching 

effect is increased, the overall deposition stress can have sign changed. In corroboration, Boruah 

et al. [61] explain that the tensile areas result from the quenching mechanism due to the high 

energy applied for harder CS-ed particles, like Ti6Al4V or 316L, requiring high gas 

temperature and pressure, 1000 °C and 6 MPa. In these zones, the quenching mechanism 

prevailed over the peening one because of the lower velocity of impact of the particles seen for 

the CSAM Metal Knitting strategy. 

Although the term “surface residual stress” is conceptually incorrect because stress is a bulk 

quantity and cannot be interpreted in an exposed surface but in a volume of material, which in 

this work was 5×5×5 mm3, it has been employed and understood by scholars, and also used in 

this discussion conditionally as a stress in an infinitesimally thin layer of material at the surface. 

This surface condition is attractive for improving the material performance, reducing the stress 

concentration and crack nucleation under external loads, as presented by Bagherifard and 

Gugliano [110], studying CSAM-ed materials and CS-ed coatings in fatigue testing. Fatigue 
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cracks always nucleate in the areas with concentrated tension, such as surface defects, part 

geometry, or even excessive roughness, which have their effect amplified by superficial tensile 

residual stress. The changing material surface stress state has been the focus of several studies, 

as mentioned by Maleki et al. [111], highlighting the mechanical treatments, like blasting and 

different peening processes, which improve the surface compressive residual stress. 

It is important to notice that the CSAM traditional and Metal Knitting 316L had a surface stress 

state with a moderate compressive residual stress, favorable for a good performance in the as-

sprayed condition, similar to the DLD-ed H13 steel that reached peaks of –300 MPa on its 

sidewalls [52], or WAAM-ed Ti6Al4V with –200 MPa [53]. In terms of residual stress state, 

CSAM-ed 316L demonstrated better results than the SLM-ed one, as presented by Wu et al. 

[55] and Yaghi et al. [112], with compressive residual stress in its centre, and tensile residual 

stress near to the surface, reaching values close to 500 MPa. 

For the CSAM traditional 316L as-sprayed sample, the condition of the particles at the impact 

favored its higher compressive residual stress by the peening effect, not simply because of the 

Vimpact of the particles, 624 m·s–1 over 511 to 540 m·s–1 of the CSAM Metal Knitting ones. 

Besides that, another factor that corroborates a higher compressive residual stress in CSAM 

traditional 316L samples was the layer thickness, 221 and 3600 μm, for the CSAM traditional 

and Metal Knitting, respectively. The peening effect, responsible for the compressive residual 

stress, has its effect limited to a few dozens of microns, and thinner layers are more affected by 

it, as presented by Singh et at. [113], obtaining a reduction in compressive stress from –1291 to 

–134 MPa, by increasing the CS-ed IN718 layer thickness from 216 to 1173 μm. With this 

understanding, a possibility to improve the compressive residual stress in CSAM Metal Knitting 

316L samples is to reduce the feedstock powder feeding or increase the robot speed to decrease 

the layer thickness obtained. 

The alternative HT post-processing resulted in a homogenization of residual stress in the 

CSAM-ed 316L for both deposition strategies, traditional and Metal Knitting, as interpreted 

from the mappings presented in Figure 18. These mappings of HT-ed samples showed a low 

magnitude tensile residual stress in the centre of the sample and a low compressive stress on 

their surfaces. Although these features might resemble the peening effect in the as-sprayed 

samples, the nature of these distributions is different. The cooling after annealing (with no 

control cooling rate) resulted in the tensile residual stress in the core part of the sample. In 

contrast, the outer parts of the deposits gain the compressive stress, typical features of the 
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quenching residual stress distribution. Therefore, this internal tensile stress cannot be 

considered a more significant risk factor. 

  

Figure 18: Residual stress distribution in the XZ-plane cross-section for CSAM traditional and Metal Knitting 

316L samples before and after HT. Two stress components are presented: σTransversal (left column) and σLongitudinal 

(right column), while σNormal is considered to be approximately zero. 
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4. Conclusions 

This study analysed the influence of different CSAM 316L deposition strategies, traditional and 

Metal Knitting, and the use of HT post-treatment on the CSAM-ed part characteristics and 

properties. As a result, the following conclusions could be drawn: 

The CSAM Metal Knitting strategy has better control of the 316L part geometry made than the 

CSAM traditional strategy, i.e., its sidewall inclination grows vertically or at least under control, 

while the CSAM traditional strategy demands correction layers that produce a lower inter-layer 

adhesion; 

The CSAM Metal Knitting promotes a lower Vimpact of particles than the CSAM traditional 

strategy, resulting for 316L a lower microhardness, lower UTS, and higher porosity using that 

strategy due to the lower kinetic energy of the particles and consequent lower particle 

deformation; 

The tensile testing mechanism of fracture is decohesion of particles or interparticular for the 

CSAM-ed 316L in as-sprayed condition. However, the annealing improves the cohesion of 

particles by atomic diffusion and micro welding, changing the mechanism of fracture to 

predominantly ductile; 

CSAM Metal Knitting and traditional strategies produce planar isotropy in XY-plane; however, 

anisotropy is evident when contrasting the Z- with X- or Y-direction due to a lower cohesion 

of particles in the XZ-plane. It occurs because there are smaller contact areas between the 

particles and less bonding by the ASI mechanism; 

Both strategies produced the centre of the sample being in tensile residual stress, balanced with 

a compressive one on the near-surfaces regions. The magnitude of the residual stress is low, 

under 100 MPa absolute value. The higher velocity of particles promoted by the CSAM 

traditional strategy resulted in higher compressive residual stress values than CSAM Metal 

Knitting due to the higher deformation of particles and peening effect; 

The HT relieves the initial residual stress from the deposition process, homogenising it in the 

material. Although the annealing parameters, 1000 °C for 1 h, promote the microstructural 

changes in CSAM-ed 316L and improve the mechanical properties, the cooling rate in the 

furnace promotes a quenching effect in the CSAM-ed 316L particular structure, resulting in a 

moderate final tensile residual stress in the centre of the material, <100 and <50 MPa for CSAM 
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traditional and Metal Knitting strategies, respectively. Still, the low compressive residual stress 

prevails in the materials’ HT-ed surface. 

5. Acknowledgments 

Grant PID2020-115508RB-C21 funded by MCIN/AEI/10.13039/501100011033 and, as 

appropriate, by “ERDF A way of making Europe”, by the “European Union” or by the 

“European Union NextGenerationEU/PRTR”. Government of Catalonia, SGR 

2021SGR00712. R.F. Vaz has a Ph.D. grant from AGAUR, Government of Catalonia, 2020 

FISDU 00305. Research Project P13534 approved at the Australian Centre for Neutron 

Scattering (ACNS) & National Deuteration Facility (NDF) 2022-1 round. 

References 

[1] H. Wu, C. Huang, X. Xie, S. Liu, T. Wu, T. Niendorf, Y. Xie, C. Deng, M. Liu, H. Liao, S. Deng, Influence 

of Spray Trajectories on Characteristics of Cold-Sprayed Copper Deposits, Surf. Coatings Technol. 405 

(2021) 126703. doi.org/10.1016/j.surfcoat.2020.126703. 

[2] B. Al-Mangour, Fundamentals of Cold Spray Processing: Evolution and Future Perspectives, in: P. 

Cavaliere (Ed.), Cold-Spray Coatings Recent Trends Futur. Perspect., Elsevier, Cham, Switzerland, 2018: 

pp. 3–24. 

[3] S. Bagherifard, S. Monti, M.V. Zuccoli, M. Riccio, J. Kondás, M. Guagliano, Cold Spray Deposition for 

Additive Manufacturing of Freeform Structural Components Compared to Selective Laser Melting, Mater. 

Sci. Eng. A. 721 (2018) 339–350. doi.org/10.1016/j.msea.2018.02.094. 

[4] I.M. Nault, G.D. Ferguson, V. Champagne, A. Nardi, Design of Residual-Stress-Compensating Molds for 

Cold Spray Additive Manufacturing Applications, J. Therm. Spray Technol. 29 (2020) 1466–1476. 

doi.org/10.1007/s11666-020-00984-0. 

[5] M.R. Rokni, S.R. Nutt, C.A. Widener, V.K. Champagne, R.H. Hrabe, Review of Relationship Between 

Particle Deformation, Coating Microstructure, and Properties in High-Pressure Cold Spray, J. Therm. Spray 

Technol. 26 (2017) 1308–1355. doi.org/10.1007/s11666-017-0575-0. 

[6] H. Assadi, F. Gärtner, T. Stoltenhoff, H. Kreye, Bonding mechanism in cold gas spraying, Acta Mater. 51 

(2003) 4379–4394. doi.org/10.1016/S1359-6454(03)00274-X. 

[7] X. Wang, F. Feng, M.A. Klecka, M.D. Mordasky, J.K. Garofano, T. El-Wardany, A. Nardi, V.K. 

Champagne, Characterization and Modeling of the Bonding Process in Cold Spray Additive Manufacturing, 

Addit. Manuf. 8 (2015) 149–162. doi.org/10.1016/j.addma.2015.03.006. 

[8] S. Yin, J. Cizek, J. Cupera, M. Hassani, X. Luo, R. Jenkins, Y. Xie, W. Li, R. Lupoi, Formation Conditions 

of Vortex-like Intermixing Interfaces in Cold Spray, Mater. Des. 200 (2021) 1–10. 

doi.org/10.1016/j.matdes.2020.109444. 

[9] M. Hassani-Gangaraj, D. Veysset, V.K. Champagne Jr, K.A. Nelson, Adiabatic Shear Instability is not 

Necessary for Adhesion in Cold Spray, Acta Mater. 158 (2018) 430–439. 

doi.org/10.1016/j.actamat.2018.07.065. 

[10] G. Bae, S. Kumar, S. Yoon, K. Kang, H. Na, H. Kim, C. Lee, Bonding Features and Associated Mechanisms 

in Kinetic Sprayed Titanium Coatings, Acta Mater. 57 (2009) 5654–5666. 

doi.org/10.1016/j.actamat.2009.07.061. 

[11] T. Hussain, Cold Spraying of Titanium: A Review of Bonding Mechanisms, Microstructure and Properties, 

Key Eng. Mater. 533 (2012) 53–90. doi.org/10.4028/www.scientific.net/kem.533.53. 

[12] Y. Ichikawa, R. Tokoro, M. Tanno, K. Ogawa, Elucidation of Cold-Spray Deposition Mechanism by Auger 

Electron Spectroscopic Evaluation of Bonding Interface Oxide Film, Acta Mater. 164 (2019) 39–49. 

doi.org/10.1016/j.actamat.2018.09.041. 

[13] H. Assadi, F. Gärtner, T. Klassen, H. Kreye, Comment on ‘Adiabatic Shear Instability is not Necessary for 

Adhesion in Cold Spray,’ Scr. Mater. 162 (2019) 512–514. doi.org/10.1016/j.scriptamat.2018.10.036. 

[14] K. Kim, M. Watanabe, J. Kawakita, S. Kuroda, Grain Refinement in a Single Titanium Powder Particle 

Impacted at High Velocity, Scr. Mater. 59 (2008) 768–771. doi.org/10.1016/j.scriptamat.2008.06.020. 

[15] R.F. Vaz, A. Silvello, J. Sanchez, V. Albaladejo, I.G.G. Cano, The Influence of the Powder Characteristics 

on 316L Stainless Steel Coatings Sprayed by Cold Gas Spray, Coatings. 11 (2021) 168. 

doi.org/10.3390/coatings11020168. 



206 
 

[16] M. Park, M.S. Kang, G.-W. Park, H.C. Kim, H.-S. Moon, B. Kim, J.B. Jeon, H. Kim, H.-S. Park, S.-H. 

Kwon, B.J. Kim, Effects of Annealing Treatment on the Anisotropy Behavior of Cold-Rolled High-

Manganese Austenite Stainless Steels, Met. Mater. Int. 27 (2021) 3839–3855. doi.org/10.1007/s12540-020-

00785-8. 

[17] C.M. Park, J. Jung, B.C. Yu, Y.H. Park, Anisotropy of the Wear and Mechanical Properties of Extruded 

Aluminum Alloy Rods (AA2024-T4), Met. Mater. Int. 25 (2019) 71–82. doi.org/10.1007/s12540-018-

0164-x. 

[18] Z.H. Zhang, W.Y. Li, Y. Feng, J.L. Li, Y.J. Chao, Global Anisotropic Response of Friction Stir Welded 

2024 Aluminum Sheets, Acta Mater. 92 (2015) 117–125. doi.org/10.1016/j.actamat.2015.03.054. 

[19] K. Yang, W. Li, X. Yang, Y. Xu, Anisotropic Response of Cold Sprayed Copper Deposits, Surf. Coatings 

Technol. 335 (2018) 219–227. doi.org/10.1016/j.surfcoat.2017.12.043. 

[20] K. Yang, W. Li, X. Guo, X. Yang, Y. Xu, Characterizations and Anisotropy of Cold-Spraying Additive-

Manufactured Copper Bulk, J. Mater. Sci. Technol. 34 (2018) 1570–1579. 

doi.org/10.1016/j.jmst.2018.01.002. 

[21] H. Seiner, J. Cizek, P. Sedlák, R. Huang, J. Cupera, I. Dlouhy, M. Landa, Elastic Moduli and Elastic 

Anisotropy of Cold Sprayed Metallic Coatings, Surf. Coatings Technol. 291 (2016) 342–347. 

doi.org/10.1016/j.surfcoat.2016.02.057. 

[22] M.-S. Baek, H.-J. Kim, K.-A. Lee, Anisotropy of Compressive Deformation Behavior in Cold Sprayed Cu 

Bulk Material, J. Nanosci. Nanotechnol. 19 (2019) 3935–3942. doi.org/10.1166/jnn.2019.16147. 

[23] J. Pattison, S. Celotto, R. Morgan, M. Bray, W. O’Neill., Cold gas dynamic manufacturing: A non-thermal 

approach to freeform fabrication, Int. J. Mach. Tools Manuf. 47 (2007) 627–634. 

doi.org/10.1016/j.ijmachtools.2006.05.001. 

[24] R.F. Vaz, A. Garfias, V. Albaladejo, J. Sanchez, I.G. Cano, A Review of Advances in Cold Spray Additive 

Manufacturing, Coatings. 13 (2023) 267. doi.org/10.3390/coatings13020267. 

[25] S. Yin, R. Jenkins, X. Yan, R. Lupoi, Microstructure and Mechanical Anisotropy of Additively 

Manufactured Cold Spray Copper Deposits, Mater. Sci. Eng. A. 734 (2018) 67–76. 

doi.org/10.1016/j.msea.2018.07.096. 

[26] A.T. Nardi, T.I. El-Wardany, D. V Viens, M.E. Lynch, A. Hsu, M.A. Klecka, W. Gu, Additive topology 

optimized manufacturing for multi-functional components, US 2014/0277669 A1, 2014. 

[27] A. Vargas-Uscategui, P.C. King, S. Yang, C. Chu, J. Li, Toolpath Planning for Cold Spray Additively 

Manufactured Titanium Walls and Corners: Effect on Geometry and Porosity, J. Mater. Process. Technol. 

298 (2021) 117272. doi.org/10.1016/j.jmatprotec.2021.117272. 

[28] R.F. Vaz, V. Albaladejo-Fuentes, J. Sanchez, U. Ocaña, Z.G. Corral, H. Canales, I.G. Cano, Metal Knitting: 

A New Strategy for Cold Gas Spray, Materials. 15 (2022) 1–17. doi.org/10.3390/ma15196785. 

[29] R.F. Vaz, H. Canales, J. Sanchez, U. Ocaña, V. Albaladejo, I. Garcia Cano, Metal Knitting: A Method to 

Control Morphology and Properties in Cold Spray Additive Manufacturing, in: Therm. Spray 2022 Proc. 

from Int. Therm. Spray Conf., 2022: pp. 614–621. doi.org/10.31399/asm.cp.itsc2022p0614. 

[30] R. Huang, M. Sone, W. Ma, H. Fukanuma, The effects of heat treatment on the mechanical properties of 

cold-sprayed coatings, Surf. Coatings Technol. 261 (2015) 278–288. 

doi.org/10.1016/j.surfcoat.2014.11.017. 

[31] B. Al-Mangour, P. Vo, R. Mongrain, E. Irissou, S. Yue, Effect of Heat Treatment on the Microstructure 

and Mechanical Properties of Stainless Steel 316L Coatings Produced by Cold Spray for Biomedical 

Applications, J. Therm. Spray Technol. 23 (2014) 641–652. doi.org/10.1007/s11666-013-0053-2. 

[32] X. Qiu, J. Wang, N. ul H. Tariq, L. Gyansah, J. Zhang, T. Xiong, Effect of Heat Treatment on 

Microstructure and Mechanical Properties of A380 Aluminum Alloy Deposited by Cold Spray, J. Therm. 

Spray Technol. 26 (2017) 1898–1907. doi.org/10.1007/s11666-017-0640-8. 

[33] P.D. Eason, J.A. Fewkes, S.C. Kennett, T.J. Eden, K. Tello, M.J. Kaufman, M. Tiryakioğlu, On the 

Characterization of Bulk Copper Produced by Cold Gas Dynamic Spray Processing in as Fabricated and 

Annealed Conditions, Mater. Sci. Eng. A. 528 (2011) 8174–8178. doi.org/10.1016/j.msea.2011.07.012. 

[34] K. Wathanyu, K. Tuchinda, S. Daopiset, S. Sirivisoot, J. Kondas, C. Bauer, Study of the Properties of 

Titanium Porous Coating with Different Porosity Gradients on 316L Stainless Steel by a Cold Spray 

Process, J. Therm. Spray Technol. 31 (2022) 545–558. doi.org/10.1007/s11666-021-01316-6. 

[35] R.F. Váz, A. Silvello, P.D. Cavalière, S. Dosta, I.G. Cano, L. Capodieci, A. Rizzo, D. Valerini, Fretting 

Wear and Scratch Resistance of Cold-Sprayed Pure Cu and Ti, Metallogr. Microstruct. Anal. 10 (2021) 

496–513. doi.org/10.1007/s13632-021-00758-2. 

[36] ASTM, E2109-01 - Standard test methods for determining area percentage porosity in thermal sprayed 

coatings, ASTM International, West Conshohocken, PA, USA, 2021. doi.org/10.1520/E2109-01R21. 

[37] A.A. Baker, R. Thuss, N. Woollett, A. Maich, E. Stavrou, S.K. McCall, H.B. Radousky, Cold Spray 

Deposition of Thermoelectric Materials, JOM. 72 (2020) 2853–2859. doi.org/10.1007/s11837-020-04151-

2. 

[38] T. Van Steenkiste, J.R. Smith, Evaluation of Coatings Produced via Kinetic and Cold Spray Processes, J. 

Therm. Spray Technol. 13 (2004) 274–282. doi.org/10.1361/10599630419427. 



207 
 

[39] Y. Wang, J. Adrien, B. Normand, Porosity Characterization of Cold Sprayed Stainless Steel Coating Using 

Three-Dimensional X-ray Microtomography, Coatings. 8 (2018) 326. doi.org/10.3390/coatings8090326. 

[40] S.H. Zahiri, S.C. Mayo,, M. Jahedi, Characterization of Cold Spray Titanium Deposits by X-Ray 

Microscopy and Microtomography, Microsc. Microanal. 14 (2008) 260–266. 

doi.org/10.1017/S1431927608080355. 

[41] D. Lévesque, C. Bescond, C. Cojocaru, Laser-ultrasonic inspection of cold spray additive manufacturing 

components, AIP Conf. Proc. 2102 (2019) 020026. doi.org/10.1063/1.5099730. 

[42] Y.-J. Li, X.-T. Luo, C.-J. Li, Dependency of Deposition Behavior, Microstructure and Properties of Cold 

Sprayed Cu on Morphology and Porosity of the Powder, Surf. Coatings Technol. 328 (2017) 304–312. 

doi.org/10.1016/j.surfcoat.2017.08.070. 

[43] Q.J. Zhu, K. Wang, X.H. Wang, B.R. Hou, Electrochemical Impedance Spectroscopy Analysis of Cold 

Sprayed and Arc Sprayed Aluminium Coatings Serviced in Marine Environment, Surf. Eng. 28 (2012) 300–

305. doi.org/10.1179/1743294411Y.0000000036. 

[44] I.S. Anderson, R.L. McGreevy, H.Z. Bilheux, Neutron Imaging and Applications: A Reference for the 

Imaging Community, Springer, New York, 2009. 

[45] M. Strobl, I. Manke, N. Kardjilov, A. Hilger, M. Dawson, J. Banhart, Advances in Neutron Radiography 

and Tomography, J. Phys. D. Appl. Phys. 42 (2009) 243001. doi.org/10.1088/0022-3727/42/24/243001. 

[46] N. Chankow, Neutron Radiography, in: M. Omar (Ed.), Nondestruct. Test. Methods New Appl., 

IntechOpen, Rijeka, 2012: pp. 73–100. 

[47] K.M. Podurets, S.E. Kichanov, V.P. Glazkov, E.S. Kovalenko, M.M. Murashev, D.P. Kozlenko, E. V. 

Lukin, E.B. Yatsishina, Modern Methods of Neutron Radiography and Tomography in Studies of the 

Internal Structure of Objects, Crystallogr. Reports. 66 (2021) 254–266. 

doi.org/10.1134/S1063774521020115. 

[48] T. Watkins, H. Bilheux, K. An, A. Payzant, R. Dehoff, C. Duty, W. Peter, C. Brice, Neutron 

Characterization for Additive Manufacturing, Adv. Mater. Process. (2013) 23–27. 

[49] R.P. Turner, C. Panwisawas, Y. Lu, I. Dhiman, H.C. Basoalto, J.W. Brooks, Neutron Tomography Methods 

Applied to a Nickel-based Superalloy Additive Manufacture Build, Mater. Lett. 230 (2018) 109–112. 

doi.org/10.1016/j.matlet.2018.07.112. 

[50] A.J. Brooks, J. Ge, M.M. Kirka, R.R. Dehoff, H.Z. Bilheux, N. Kardjilov, I. Manke, L.G. Butler, Porosity 

Detection in Electron Beam-Melted Ti-6Al-4V Using High-Resolution Neutron Imaging and Grating-

Based Interferometry, Prog. Addit. Manuf. 2 (2017) 125–132. doi.org/10.1007/s40964-017-0025-z. 

[51] F. Grazzi, C. Cialdai, M. Manetti, M. Massi, M.P. Morigi, M. Bettuzzi, R. Brancaccio, F. Albertin, T. 

Shinohara, T. Kai, A. Fedrigo, A. Di Giovanni, F. Arneodo, R. Torres, O. Al-Ketan, J. Elhashemi, F. 

Taccetti, L. Giuntini, A Multi-Technique Tomography-Based Approach for Non-Invasive Characterization 

of Additive Manufacturing Components in View of Vacuum/UHV Applications: Preliminary Results, 

Rend. Lincei. Sci. Fis. e Nat. 32 (2021) 463–477. doi.org/10.1007/s12210-021-00994-2. 

[52] R. Cottam, J. Wang, V. Luzin, Characterization of Microstructure and Residual Stress in a 3D H13 Tool 

Steel Component Produced by Additive Manufacturing, J. Mater. Res. 29 (2014) 1978–1986. 

doi.org/10.1557/jmr.2014.190. 

[53] V. Luzin, N. Hoye, Stress in Thin Wall Structures Made by Layer Additive Manufacturing, in: Residual 

Stress. 2016, 2017: pp. 497–502. doi.org/10.21741/9781945291173-84. 

[54] K. Bobzin, W. Wietheger, M.A. Knoch, A. Schacht, U. Reisgen, R. Sharma, L. Oster, Comparison of 

Residual Stress Measurements Conducted by X-ray Stress Analysis and Incremental Hole Drilling Method, 

J. Therm. Spray Technol. 29 (2020) 1218–1228. doi.org/10.1007/s11666-020-01056-z. 

[55] A.S. Wu, D.W. Brown, M. Kumar, G.F. Gallegos, W.E. King, An Experimental Investigation into Additive 

Manufacturing-Induced Residual Stresses in 316L Stainless Steel, Metall. Mater. Trans. A. 45 (2014) 6260–

6270. doi.org/10.1007/s11661-014-2549-x. 

[56] Y.C. Tsui, T.W. Clyne, An Analytical Model for Predicting Residual Stresses in Progressively Deposited 

Coatings Part 1: Planar Geometry, Thin Solid Films. 306 (1997) 23–33. doi.org/10.1016/S0040-

6090(97)00199-5. 

[57] V. Luzin, K. Spencer, M.X. Zhang, Residual stress and thermo-mechanical properties of cold spray metal 

coatings, Acta Mater. 59 (2011) 1259–1270. doi.org/10.1016/j.actamat.2010.10.058. 

[58] V. Luzin, K. Spencer, M.X. Zhang, N. Matthews, Residual Stress in Coatings Produced by Cold Spray, 

Mater. Sci. Forum. 772 (2013) 155–159. doi.org/10.4028/www.scientific.net/MSF.772.155. 

[59] V. Luzin, O. Kirstein, S.H. Zahiri, D. Fraser, Residual Stress Buildup in Ti Components Produced by Cold 

Spray Additive Manufacturing (CSAM), J. Therm. Spray Technol. 29 (2020) 1498–1507. 

doi.org/10.1007/s11666-020-01048-z. 

[60] V. Luzin, K. Spencer, M. Zhang, N. Matthews, J. Davis, M. Saleh, Residual Stresses in Cold Spray 

Coatings, in: P.D. Cavaliere (Ed.), Cold-Spray Coatings, Springer, 2018: pp. 451–480. 

doi.org/10.1007/978-3-319-67183-3_16. 



208 
 

[61] D. Boruah, B. Ahmad, T.L. Lee, S. Kabra, A.K. Syed, P. McNutt, M. Doré, X. Zhang, Evaluation of 

Residual Stresses Induced by Cold Spraying of Ti-6Al-4V on Ti-6Al-4V Substrates, Surf. Coatings 

Technol. 374 (2019) 591–602. doi.org/10.1016/j.surfcoat.2019.06.028. 

[62] V. Luzin, S. Kuroda, S. Yin, A.S.M. Ang, Advanced Residual Stress Analysis in Thermal Spray and Cold 

Spray Processes, J. Therm. Spray Technol. 29 (2020) 1211–1217. doi.org/10.1007/s11666-020-01083-w. 

[63] R.F. Vaz, A.G.M. Pukasiewicz, G.B. Sucharski, I.B.A.F. Siqueira, S.M.Z. Odake, R.S.C. Paredes, The 

Reuse of Alumina for Grit Blasting Preparation of Steel Surface for Thermal Spraying, Int. J. Abras. 

Technol. 10 (2021) 235. doi.org/10.1504/IJAT.2021.120261. 

[64] ASTM, B822-02 - Standard Test Method for Particle Size Distribution of Metal Powders and Related 

Compounds by Laser Scattering, ASTM International, West Conshohocken, PA, USA, 2002. 

doi.org/10.1520/B0822-20. 

[65] ASTM, B212-21 - Standard Test Method for Apparent Density of Powders Using the Hall Flowmeter 

Funnel, ASTM International, West Conshohocken, PA, USA, 2021. doi.org/10.1520/B0212-21. 

[66] ASTM, B213-20 - Standard Test Method for Flow Rate of Metal Powders, ASTM International, West 

Conshohocken, PA, USA, 2020. doi.org/10.1520/B0213-20. 

[67] B. Dikici, H. Yilmazer, I. Ozdemir, M. Isik, The Effect of Post-Heat Treatment on Microstructure of 316L 

Cold-Sprayed Coatings and Their Corrosion Performance, J. Therm. Spray Technol. 25 (2016) 704–714. 

doi.org/10.1007/s11666-016-0402-z. 

[68] S. Bagherifard, J. Kondas, S. Monti, J. Cizek, F. Perego, O. Kovarik, F. Lukac, F. Gaertner, M. Guagliano, 

Tailoring cold spray additive manufacturing of steel 316 L for static and cyclic load-bearing applications, 

Mater. Des. 203 (2021) 109575. doi.org/10.1016/j.matdes.2021.109575. 

[69] S. Yin, J. Cizek, X. Yan, R. Lupoi, Annealing Strategies for Enhancing Mechanical Properties of Additively 

Manufactured 316L Stainless Steel Deposited by Cold Spray, Surf. Coatings Technol. 370 (2019) 353–361. 

doi.org/10.1016/j.surfcoat.2019.04.012. 

[70] ASTM, E1920-03 - Standard guide for metallographic preparation of thermal sprayed coatings, ASTM 

International, West Conshohocken, PA, USA, 2021. doi.org/10.1520/E1920-03R21. 

[71] ASTM, E3-11 - Standard Guide for Preparation of Metallographic Specimens, ASTM International, West 

Conshohocken, PA, USA, 2017. doi.org/10.1520/E0003-11R17. 

[72] ASTM, E384-22 - Standard Test for Microindentation Hardness of Materials, ASTM International, West 

Conshohocken, PA, USA, 2022. doi.org/10.1520/E0384-22. 

[73] U. Garbe, T. Randall, C. Hughes, G. Davidson, S. Pangelis, S.J. Kennedy, A New Neutron Radiography / 

Tomography / Imaging Station DINGO at OPAL, Phys. Procedia. 69 (2015) 27–32. 

doi.org/10.1016/j.phpro.2015.07.003. 

[74] D. Micieli, T. Minniti, G. Gorini, NeuTomPy toolbox, a Python package for tomographic data processing 

and reconstruction, SoftwareX. 9 (2019) 260–264. doi.org/10.1016/j.softx.2019.01.005. 

[75] O. Kirstein, V. Luzin, U. Garbe, The Strain-Scanning Diffractometer Kowari, Neutron News. 20 (2009) 

34–36. doi.org/10.1080/10448630903241175. 

[76] R. Sinclair-Adamson, V. Luzin, A. Duguid, K. Kannoorpatti, R. Murray, Residual Stress Distributions in 

Cold-Sprayed Copper 3D-Printed Parts, J. Therm. Spray Technol. 29 (2020) 1525–1537. 

doi.org/10.1007/s11666-020-01040-7. 

[77] A. Vargas-Uscategui, P.C. King, M.J. Styles, M. Saleh, V. Luzin, K. Thorogood, Residual Stresses in Cold 

Spray Additively Manufactured Hollow Titanium Cylinders, J. Therm. Spray Technol. 29 (2020) 1508–

1524. doi.org/10.1007/s11666-020-01028-3. 

[78] T. Gnäupel-Herold, ISODEC: software for calculating diffraction elastic constants, J. Appl. Crystallogr. 45 

(2012) 573–574. doi.org/10.1107/S0021889812014252. 

[79] ASTM, A240/A240M-22a - Standard Specification for Chromium and Chromium-Nickel Stainless Steel 

Plate, Sheet, and Strip for Pressure Vessels and for General Applications, ASTM International, West 

Conshohocken, PA, USA, 2022. doi.org/10.1520/A0240_A0240M-22A. 

[80] M.E. Lynch, W. Gu, T. El-Wardany, A. Hsu, D. Viens, A. Nardi, M. Klecka, Design and topology/shape 

structural optimisation for additively manufactured cold sprayed components, Virtual Phys. Prototyp. 8 

(2013) 213–231. doi.org/10.1080/17452759.2013.837629. 

[81] D. Kotoban, S. Grigoriev, A. Okunkova, A. Sova, Influence of a Shape of Single Track on Deposition 

Efficiency of 316L Stainless Steel Powder in Cold Spray, Surf. Coatings Technol. 309 (2017) 951–958. 

doi.org/10.1016/j.surfcoat.2016.10.052. 

[82] H. Wu, X. Xie, S. Liu, S. Xie, R. Huang, C. Verdy, M. Liu, H. Liao, S. Deng, Y. Xie, Bonding Behavior 

of Bi-Metal-Deposits Produced by Hybrid Cold Spray Additive Manufacturing, J. Mater. Process. Technol. 

299 (2022) 117375. doi.org/10.1016/j.jmatprotec.2021.117375. 

[83] F. Gärtner, T. Stoltenhoff, T. Schmidt, H. Kreye, The Cold Spray Process and its Potential for Industrial 

Applications, J. Therm. Spray Technol. 15 (2006) 223–232. doi.org/10.1361/105996306X108110. 

[84] S.E. Julien, A. Nourian-Avval, W. Liang, T. Schwartz, O.C. Ozdemir, S. Müftü, Bulk Fracture Anisotropy 

in Cold-Sprayed Al 6061 Deposits, Eng. Fract. Mech. 263 (2022) 1–17. 

doi.org/10.1016/j.engfracmech.2022.108301. 



209 
 

[85] K.H. Ko, J.O. Choi, H. Lee, Intermixing and Interfacial Morphology of Cold-Sprayed Al Coatings on Steel, 

Mater. Lett. 136 (2014) 45–47. doi.org/10.1016/j.matlet.2014.07.142. 

[86] F.J. Humphreys, G.S. Rohrer, A. Rollett, Recrystallization and Related Annealing Phenomena, 3rd ed., 

Elsevier, Amsterdan, 2017. 

[87] Y. Xie, C. Chen, M.P. Planche, S. Deng, R. Huang, Z. Ren, H. Liao, Strengthened Peening Effect on 

Metallurgical Bonding Formation in Cold Spray Additive Manufacturing, J. Therm. Spray Technol. 28 

(2019) 769–779. doi.org/10.1007/s11666-019-00854-4. 

[88] F.P. de Moraes, S.F. Alves, R.L. Plaut, A.F. Padilha, Degradation of Microstructure and Properties of an 

AISI 316L Steel Pipe After More Than 100,000 hours Usage at 640°C in a Petrochemical Industry, Procedia 

Struct. Integr. 17 (2019) 131–137. doi.org/10.1016/j.prostr.2019.08.018. 

[89] K. Bártová, M. Dománková, J. Bárta, P. Pastier, Influence of 40% Cold Working and Annealing on 

Precipitation in AISI 316L Austenitic Stainless Steel, Materials. 15 (2022) 6484. 

doi.org/10.3390/ma15186484. 

[90] X. Tang, Sigma Phase Characterization in AISI 316 Stainless Steel, Microsc. Microanal. 11 (2005) 78–79. 

doi.org/10.1017/S143192760550374X. 

[91] A.A. Deev, P.A. Kuznetcov, S.N. Petrov, Anisotropy of Mechanical Properties and its Correlation with the 

Structure of the Stainless Steel 316L Produced by the SLM Method, Phys. Procedia. 83 (2016) 789–796. 

doi.org/10.1016/j.phpro.2016.08.081. 

[92] L. Hitzler, J. Hirsch, B. Heine, M. Merkel, W. Hall, A. Öchsner, On the Anisotropic Mechanical Properties 

of Selective Laser-Melted Stainless Steel, Materials. 10 (2017) 1136. doi.org/10.3390/ma10101136. 

[93] W. Sun, A.W.-Y. Tan, K. Wu, S. Yin, X. Yang, I. Marinescu, E. Liu, Post-Process Treatments on 

Supersonic Cold Sprayed Coatings: A Review, Coatings. 10 (2020) 123. 

doi.org/10.3390/coatings10020123. 

[94] N. Fan, J. Cizek, C. Huang, X. Xie, Z. Chlup, R. Jenkins, R. Lupoi, S. Yin, A New Strategy for 

Strengthening Additively Manufactured Cold Spray Deposits Through in-Process Densification, Addit. 

Manuf. 36 (2020) 1–11. doi.org/10.1016/j.addma.2020.101626. 

[95] L.L. Silveira, G.B. Sucharski, A.G.M. Pukasiewicz, R.S.C. Paredes, Influence of Particle Size Distribution 

on the Morphology and Cavitation Resistance of High-Velocity Oxygen Fuel Coatings, J. Therm. Spray 

Technol. 27 (2018) 695–709. doi.org/10.1007/s11666-018-0708-0. 

[96] D. Goldbaum, J. Ajaja, R.R. Chromik, W. Wong, S. Yue, E. Irissou, J.-G. Legoux, Mechanical Behavior 

of Ti Cold Spray Coatings Determined by a Multi-scale Indentation Method, Mater. Sci. Eng. A. 530 (2011) 

253–265. doi.org/10.1016/j.msea.2011.09.083. 

[97] Y. Yamazaki, H. Fukanuma, N. Ohno, Anisotropic mechanical properties of the free-standing cold sprayed 

SUS316 coating and effect of the post-spray heat treatment on it, J. Japan Therm. Spray Soc. 53 (2016) 91–

95. doi.org/10.11330/jtss.53.91. 

[98] A. Charmi, R. Falkenberg, L. Ávila, G. Mohr, K. Sommer, A. Ulbricht, M. Sprengel, R. Saliwan Neumann, 

B. Skrotzki, A. Evans, Mechanical anisotropy of additively manufactured stainless steel 316L: An 

experimental and numerical study, Mater. Sci. Eng. A. 799 (2021) 140154. 

doi.org/10.1016/j.msea.2020.140154. 

[99] K. Yang, W. Li, X. Yang, Y. Xu, A. Vairis, Effect of heat treatment on the inherent anisotropy of cold 

sprayed copper deposits, Surf. Coatings Technol. 350 (2018) 519–530. 

doi.org/10.1016/j.surfcoat.2018.07.046. 

[100] T. Hassel, T. Carstensen, Properties and Anisotropy Behaviour of a Nickel Base Alloy Material Produced 

by Robot-based Wire and Arc Additive Manufacturing, Weld. World. 64 (2020) 1921–1931. 

doi.org/10.1007/s40194-020-00971-7. 

[101] L. Sun, F. Jiang, R. Huang, D. Yuan, C. Guo, J. Wang, Anisotropic Mechanical Properties and Deformation 

Behavior of Low-carbon High-strength Steel Component Fabricated by Wire and Arc Additive 

Manufacturing, Mater. Sci. Eng. A. 787 (2020) 139514. doi.org/10.1016/j.msea.2020.139514. 

[102] D. Deng, R.L. Peng, H. Brodin, J. Moverare, Microstructure and mechanical properties of Inconel 718 

produced by selective laser melting: Sample orientation dependence and effects of post heat treatments, 

Mater. Sci. Eng. A. 713 (2018) 294–306. doi.org/10.1016/j.msea.2017.12.043. 

[103] D. Tomus, Y. Tian, P.A. Rometsch, M. Heilmaier, X. Wu, Influence of post heat treatments on anisotropy 

of mechanical behaviour and microstructure of Hastelloy-X parts produced by selective laser melting, 

Mater. Sci. Eng. A. 667 (2016) 42–53. doi.org/10.1016/j.msea.2016.04.086. 

[104] Z. You, H. Fu, S. Qu, W. Bao, L. Lu, Revisiting Anisotropy in the Tensile and Fracture Behavior of Cold-

rolled 316L Stainless Steel with Heterogeneous Nano-lamellar Structures, Nano Mater. Sci. 2 (2020) 72–

79. doi.org/10.1016/j.nanoms.2020.03.001. 

[105] A.A. Bryukhanov, A.F. Voitenko, V. V. Usov, A.A. Chernyi, Anisotropy of the Elastic and Strength 

Properties of Cold-rolled Copper Sheets, Strength Mater. 11 (1979) 914–917. 

doi.org/10.1007/BF00770396. 

[106] H. Li, M.W. Fu, J. Lu, H. Yang, Ductile fracture: Experiments and computations, Int. J. Plast. 27 (2011) 

147–180. doi.org/10.1016/j.ijplas.2010.04.001. 



210 
 

[107] Y. Ren, N. ul H. Tariq, H. Liu, L. Zhao, X. Cui, Y. Shen, J. Wang, T. Xiong, Study of Microstructural and 

Mechanical Anisotropy of 7075 Al Deposits Fabricated by Cold Spray Additive Manufacturing, Mater. 

Des. 212 (2021) 110271. doi.org/10.1016/j.matdes.2021.110271. 

[108] P. Cavaliere, A. Perrone, A. Silvello, A. Laska, G. Blasi, I.G. Cano, Fatigue Bending of V-Notched Cold-

Sprayed FeCoCrNiMn Coatings, Metals. 12 (2022) 780. doi.org/10.3390/met12050780. 

[109] O. Kovarik, J. Siegl, J. Cizek, T. Chraska, J. Kondas, Fracture Toughness of Cold Sprayed Pure Metals, J. 

Therm. Spray Technol. 29 (2020) 147–157. doi.org/10.1007/s11666-019-00956-z. 

[110] S. Bagherifard, M. Guagliano, Fatigue performance of cold spray deposits: Coating, repair and additive 

manufacturing cases, Int. J. Fatigue. 139 (2020) 105744. https://doi.org/10.1016/j.ijfatigue.2020.105744. 

[111] E. Maleki, S. Bagherifard, M. Bandini, M. Guagliano, Surface Post-Treatments for Metal Additive 

Manufacturing: Progress, Challenges, and Opportunities, Addit. Manuf. 37 (2021) 101619. 

doi.org/10.1016/j.addma.2020.101619. 

[112] A. Yaghi, S. Ayvar-Soberanis, S. Moturu, R. Bilkhu, S. Afazov, Design Against Distortion for Additive 

Manufacturing, Addit. Manuf. 27 (2019) 224–235. doi.org/10.1016/j.addma.2019.03.010. 

[113] R. Singh, S. Schruefer, S. Wilson, J. Gibmeier, R. Vassen, Influence of coating thickness on residual stress 

and adhesion-strength of cold-sprayed Inconel 718 coatings, Surf. Coatings Technol. 350 (2018) 64–73. 

doi.org/10.1016/j.surfcoat.2018.06.080. 
 



211 
 

 

4.3.3. CSAM-ed Parts Obtained 

By employing CSAM traditional and Metal Knitting strategies, several parts were 

produced to understand the effects of the strategy parameters on the part 

characteristics and properties, as to make samples with these optimized parameters. 

The results are presented in Figures 11 to 14 of Article 3, and Figure 5 of Article 5, 

some with simple shapes, others controlling the vertical sidewalls, and finally, more 

complex, e.g., curved walls or varying thickness with the part height. Figure 37 

presents examples of the geometries obtained, detailing the CSAM strategy and 

materials employed. Chapter 8, “Appendix”, contains a Section, “CSAM-ed Parts”, with 

a more representative Table listing the CSAM-ed parts produced by CSAM traditional 

and Metal Knitting strategies, their parameters, materials, and visual aspects; however, 

neither mechanical properties nor materials performances are shown or discussed in 

this Section, which is focused on the geometric aspects exclusively. 

 

Figure 37: Examples of CSAM-ed geometries obtained. 

The CSAM geometries versatility has been improved by developing new 

deposition strategies, as variations of the traditional one, as presented in the literature, 

spraying with inclined gun to correct sidewall inclination [43,65], e.g., the scheme 

presented in Figure 6 of Article 5. This strategy is presented by Vargas-Usgategui et 

al. [43] as an effective alternative to make relative thin walls, in the order of millimeters. 

A limitation faced by Vargas-Usgategui et al. [43], as by employing CSAM Metal 

Knitting, is that each sprayed powder, results in a deposit with distinct geometrical 

characteristics, especially layer thickness, and sidewall angle generated. For example, 
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CSAM traditional 316L always produces a pyramid-like shape but CSAM traditional Ti 

sprayed on substrate’s borders produces vertical sidewalls; however, CSAM traditional 

Ti sprayed on a flat surface builds a pyramid-like shape, as observed in the Chapter 8, 

“Appendix”, Section 8.4 “CSAM-ed Parts, Strategy, Parameters, Geometric Aspects, 

and Images”. It inputs difficulties to the implementation of CSAM industrially, because 

each application demands a series of testing and parameters optimization. 

The possibility of copying the substrate shape and keeping building material 

with the same width and length, as seen in Figure 12 of Article 3, is a good advantage 

for CSAM Metal Knitting to make AM hybrid systems, i.e., make a part with more 

complex regions by laser processing, and other less complex volumes by CSAM, which 

is much faster than laser, e.g., laser deposits typically less than 50 µm per layer and 

CSAM Metal Knitting reaches 7000 µm per layer. Still in hybrid systems, another 

promising application is Wire Arc Additive Manufacturing (WAAM), presented in the 

literature as a process that deposits large volumes of material by arc welding [66], 

complemented by depositing materials with poor weldability using CSAM. 

Another use is employing CSAM Metal Knitting for repairing damaged 

components, especially those made with complex alloys or materials with poor 

weldability. It reduces the post-machining services by selecting the adequate Metal 

Knitting parameters, and a post-treatment can be done to improve the CSAM-ed 

material properties and bonding strength, as presented by Garfias et al. [67], obtaining 

an increase in adhesion of CSAM Metal Knitting Ti6Al4V on Ti6Al4V substrate from 15 

to 160 MPa, as-sprayed and HT-ed, respectively. 

4.3.4. Post-treatments 

The CSAM-ed materials have presented their mechanical properties reduced 

compared with other AM processing techniques because of the weak bonding between 

the particles. This interparticular region is inherent to the CS-ed material consolidation, 

as presented in the literature [68–70]. Improving this cohesion of particles has been 

the focus of post-treatments, such as HT, SPS, HIP, among others, as listed in Article 

1. As follows, the post-treatments studied in this thesis improved the microstructural 

characteristics of CSAM-ed 316L, Ti alloys, and Al. 
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4.3.4.1. Heat Treatments 

4.3.4.1.1. Heat Treatment of CSAM-ed 316L 

CSAM-ed 316L traditional and Metal Knitting samples were characterized by 

EBSD, complementing the results and discussions presented in Article 5. For this 

technique, the term indexing refers to the process of determining the crystallographic 

orientation of a material based on the diffraction patterns obtained from an electron 

beam interacting with the material's surface. Indexing involves comparing the collected 

diffraction patterns with a known crystal structure and orientation database. Suppose 

the collected data does not fit the information from the database, such as crystal 

symmetries, lattice parameters, and orientation relationships. In that case, the software 

considers this pattern a non-indexed area; however, some EBSD post-processing 

methodologies have been developed to improve the maps’ quality and indexing rate 

[71]. As results of the EBSD technique, it is noticed the materials’ grain size, grain 

shape, phase identification and distribution, recrystallization, deformation, orientation 

relationships, twinning, etc. 

Figure 38 presents the water atomized 316L powder cross-section EBSD map. 

The large black areas were bakelite where the powder particles were mounted; 

however, small non-indexed areas can be seen in the powder particles. It was not 

evidence of amorphous zones or strained areas in the particles, just that a few points 

were unclear for the software interpretation and comparison with its database. Many 

black areas were previously processed to increase the visual map aspects and 

resolution. The powder starting condition is important for comparison with the CSAM 

as-sprayed and HT-ed conditions, 1000 °C for 1 h in air. It is noticed that each particle 

is composed of many grains, and larger particles have large grains, as smaller particles 

have small grains.  

Figure 39 and Figure 40 present EBSD maps for CSAM-ed 316L traditional and 

Metal Knitting strategies made, respectively. The black areas in these maps refer to 

non-indexed areas. Besides the material porosity and consequent absence of material 

backscattering the electrons, these black areas can be attributed to a pattern outfit to 

the software database. Low indexing can represent an inadequate sample preparation, 

with a damaged or deformed surface, which affects the EBSD results since the 

diffraction pattern displays information from a depth lower than 50 nm. In addition, 

grain and phase boundaries typically present low indexing. Although low indexing can 
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come from the material characteristics also, because of processing that severely 

deforms plastically the material generating a high density of dislocations, which alters 

locally the diffraction pattern to a database outranges values, non-indexed. [72,73]. 

 

Figure 38: EBSD map of CSAM 316L feedstock powder. 

 

Figure 39: EBSD maps of CSAM-ed 316L traditional strategy as-sprayed and HT-ed. 
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Figure 40: EBSD maps of CSAM-ed 316L Metal Knitting strategy as-sprayed and HT-ed. 

EBSD maps reaffirmed the microstructure evolution due to the HT of CSAM-ed 

316L. For the traditional and Metal Knitting strategies, the as-sprayed condition 

presented severely deformed grains in the surface of the particles, which is altered by 

the recrystallization and diffusion phenomena during the annealing post-processing, 

resulting in equiaxed grains microstructure with small grains in the previous 

interparticular region. It evidences a material recovery and recrystallization but not a 

grain coarsening. The coarsening and grain growth should occur for a longer HT; 

however, keeping small grains is favorable to improve the material mechanical 

properties, mainly because the grain boundaries act as barriers for the dislocation 

movements, improving the material strength and hardness. 

From the Inverse Pole Figure (IPF), which are the color images in Figure 39 and 

Figure 40, and their respective Euler angles with the reference axis perpendicular to 

the image plane, it is not noticed a microstructure texture for as-sprayed nor directional 

recrystallization for HT-ed material. Another interpretation for EBSD was possible by 
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Grain Orientation Spread (GOS) and Kernel Average Misorientation (KAM) maps, 

which showed a lower misorientation index in the grains for the HT-ed CSAM 316L 

traditional sample, indicating a higher effect of recrystallization in this material than in 

CSAM-ed 316L Metal Knitting, which presented large areas with remaining deformed 

grains after the annealing post-treatment. 

It can be attributed to the higher deformation and strained particles by the higher 

Vimpact of the CSAM traditional strategy, storing energy in a deformed microstructure 

and pushing the recrystallization phenomena, as presented by Padilha, Plaut, and Rios 

[74], who presented this storing by strain-induced martensite transformation or a 

cellular dislocation distribution without phase transformation, depending on the 

material Stacking Fault Energy (SFE) value. Low SFE promotes strain-induced 

martensitic transformation [75]. 

4.3.4.1.2. Heat Treatment of CSAM-ed Ti Alloys 

Besides the 316L, mechanical properties and HT effects were evaluated for 

CSAM traditional and Metal Knitting made Ti and Ti6Al4V. The HT was performed in a 

furnace under 1000 °C for 4 h in Ar atmosphere and characterized by SEM images, 

microhardness, and tensile testing. The typical microstructure of the pure Ti (Ti grade 

2) and Ti6Al4V (Ti grade 5) are presented in Figure 41 and Figure 42, respectively.  

 

Figure 41: SEM of CSAM-ed Ti as-sprayed and HT-ed. 
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Figure 42: SEM of CSAM-ed Ti6Al4V as-sprayed and HT-ed. 

The HCP α phase regions are dark gray, and the BCC β phase regions are light 

gray, with this last one formed in the α grains boundaries as an HT effect. For Ti6Al4V, 

a lower deformation of particles results from its lower plasticity or ductility than the pure 

Ti, as presented by Purcek et al. [76]. Chen et al. [77] explain this lower ductility due 

to the limited slipping planes in HCP α crystal structure, which is not a problem for FCC 

and BCC materials, i.e., Cu, Al, or austenitic steels. 

The low plasticity resulted in a higher porosity in the interparticular region of 

Ti6Al4V, 18±1% as-sprayed and 8.5±1% as HT-ed, than for pure Ti, <1% for both 

conditions. It is also attributed to the Ti6Al4V higher hardness and lower dislocation 

mobility due to Al and V substitutional alloying elements in the Ti matrix. This porosity 

is a mean value of ten images, and Figure 41 and Figure 42 do not represent these 

measurements, but they are representative for the microstructural evolution due to the 

HT. Improving the Ti6Al4V deformation during the CS deposition has been the focus 

of much research, employing He as working gas to increase the Vparticle [77], applying 

in-situ shot peening to deform the bonded particles [78], or other processing 

optimizations. The processing and post-processing densifying procedures are reported 

in Article 1. 

For CSAM-ed Ti, HT increased the material hardness from 207±12 to 

324±21 HV0.3, as-sprayed and HT-ed, respectively. However, for Ti6Al4V, HT did not 
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alter its hardness drastically, increasing it from 319±19 to 355±16 HV0.3, which is 

consonant with other results presented in the literature [77,79,80], where the hardness 

decreasing by the phase changing is also presented. Furthermore, during the CSAM 

deposition, the HCP α’- or orthorhombic α’’-martensite can be formed due to the severe 

localized plastic deformation [81], contributing to improving the material hardness; 

however, the HT post-processing eliminates this phase because the HT temperature 

stabilizes β phase, which is converted in α during the low cooling rate, resulting in an 

α+β microstructure, as seen in Figure 42. 

HT improved the cohesion of particles, increasing the material strength, as 

presented in Figure 43, for CSAM-ed Ti and Ti6Al4V in three directions, following the 

scheme of Figure 12. The highlights were CSAM-ed Ti in the X-direction, which had 

improved by 370% the UTS, and CSAM-ed Ti6Al4V in the Z-direction with 224% higher 

UTS for the HT-ed condition. In general, besides the UTS values, the material isotropy 

was incremented by HT post-processing, as interpreted from the UTSy/UTSx and 

UTSz/UTSx indexes presented in Table 6, which complements the Figure 15 of Article 

5. The index 1.0 means a perfect isotropy, and the worst values were seen in 

UTSz/UTSx for CSAM-ed Ti HT-ed and CSAM-ed Ti6Al4V as-sprayed. Notably, the 

isotropy between the X- and Y-direction is higher than between the Z- and X-direction 

because of the CS powder-laden jet direction, which is in the Z-direction, favoring the 

deformation and higher bonding strength in the XY-plane; consequently, the cohesion 

of particles in X- and Y-direction. 

 

Figure 43: HT effects on UTS of CSAM-ed Ti and Ti6Al4V. 
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Table 6: Effect of HT on the isotropy index of CSAM-ed Ti and Ti6Al4V. 

Material Condition 
UTSy/UTSx 

index 
UTSz/UTSx 

index 

Ti as-sprayed 1.4 1.6 

Ti HT-ed 0.8 0.5 

Ti6Al4V as-sprayed 0.7 0.4 

Ti6Al4V HT-ed 1.2 1.0 

 

4.3.4.1.3. Heat Treatment of CSAM-ed Al 

HT, 450 °C for 4 h in Ar atmosphere, was applied on CSAM-ed Metal Knitting 

Al samples, made as straight, thin, and high walls, employing one single line for each 

deposited layer. Metal Knitting parameters were varied to understand their individual 

effects on the CSAM-ed Al part geometry and properties. The Metal Knitting radius 

was 1 or 2 mm, the angle was 20 or 30 degrees, and the step was 1 or 2.5 mm. This 

resulted in different layer thicknesses, demanding more layers for the thinner ones to 

obtain the planned 30 mm height samples, as presented in Figure 44. 

Figure 44 also presents the cross-sections of the samples, and by interpreting 

these images, it is noticed that 1 mm change in radius was not enough to promote any 

substantial shape change; however, employing an angle of 30 instead of 20 degrees, 

a thicker wall was produced, 10 and 6 mm, respectively. The step distance, the 

distance between the circles described by each Metal Knitting movement, altered the 

layer thickness drastically, and steps of 1 mm resulted in 8±2 mm-thick layers, while 

steps of 2.5 mm produced 4±1 mm-thick layers. 

Figure 44 presents OM images of CSAM Metal Knitting Al samples before and 

after HT, revealing a higher porosity in the as-sprayed condition. The white arrows 

indicate some examples of particle boundaries or interparticular regions, which was 

the weakest region of the material. Evaluating the effect of the CSAM Metal Knitting 

parameters on the CSAM-ed Al microstructural characteristics, the highest porosity 

was seen by using a higher Metal Knitting angle, 30 degrees,18±3%. Liu et al. [82] 

present CS-ed traditional Al with higher than 15% of porosity, which was reduced 

drastically by these authors employing an in-situ micro-forging CS processing, which 

consisted of spraying big stainless steel powder (–291+118 µm) mixed with Al powder. 

Their objective was that these big stainless steel particles deform plastically the CS-

ed Al but not bond to the coating, which was achieved after optimization of the process. 
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It should be a strategy to improve the CSAM Metal Knitting properties by densification 

for any sprayed material. 

 

Figure 44: CSAM Metal Knitting Al. Metal Knitting parameters: 
(a) radius 2 mm / angle 20 degrees / pass 1 mm / 4 layers; 
(b) radius 1 mm / angle 20 degrees / pass 1 mm / 3 layers; 

(c) radius 2 mm / angle 20 degrees / pass 2.5 mm / 7 layers; 
(d) radius 2 mm / angle 30 degrees / pass 1 mm / 3 layers. 

For the other CSAM-ed Al samples, the porosity was below 10% in the as-

sprayed condition, as seen in Figure 45. The HT improved the material density for all 

samples, with a mean value below 7% for all HT-ed materials. Almost no influence was 

observed by HT post-processing for the material hardness, as seen in Figure 45. The 

cohesion of particles was improved by HT, which can be interpreted from the material 

strength, Ultimate Tensile Stress (UTS), presented in Figure 45. CSAM-ed Metal 
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Knitting Al in the as-prayed condition reached the highest value for the Parameter (c) 

made samples, which had the thinnest layers, between 4 and 5 mm, demanding 7 

layers to achieve the designed 30 mm height sample. The literature presents that thin 

layers promote a higher cohesion of particles and improve the compressive residual 

stress by a more substantial effect of the peening and densifying mechanisms [83,84]. 

 

Figure 45: Effect of HT on the CSAM-ed Metal Knitting Al properties. Metal Knitting parameters: 
(a) radius 2 mm / angle 20 degrees / pass 1 mm / 4 layers; 
(b) radius 1 mm / angle 20 degrees / pass 1 mm / 3 layers; 

(c) radius 2 mm / angle 20 degrees / pass 2.5 mm / 7 layers; 
(d) radius 2 mm / angle 30 degrees / pass 1 mm / 3 layers. 

Using an angle of 30 degrees, Parameter (d) resulted in lower particle 

deformation and cohesion, which impacted the tensile testing. These samples broke 

or fractured prematurely during the machining or the early testing stages. Figure 45 

does not present any value for Parameter (d) as-sprayed since no results were 

collected. However, HT improved its cohesion of particles and the material strength, 

resulting in a UTS of 7.7±1.9 MPa. The highest UTS was obtained for Parameter (a) 

HT-ed, 30.1±6.4 MPa, followed by Parameter (c) HT-ed, 23.5±4.9 MPa. 

The fracture mechanism observed on the tensile testing samples changed from 

the as-sprayed to the HT-ed conditions. For this last one, the rupture occurred partially 
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by decohesion of the particles with the cracks following the interparticular regions and 

partially by ductile mechanism, with dimples formed by the plastic deformation of the 

metallurgically joined regions of the particles, observed in Figure 46. Only the 

decohesion mechanism was observed in the as-sprayed condition samples, resulting 

in lower UTS values, as seen in Figure 45. 

 

Figure 46: SEM images of the CSAM-ed Metal Knitting Al tensile testing fracture surface. 

The abrasion wear following the ASTM G65-16 standard [29] was evaluated for 

CSAM Metal Knitting Al as-sprayed and HT-ed with the intent to correlate the wear 

resistance with the cohesion of particles improving. Figure 45 presents the wear rate 

results. HT affected the abrasion wear resistance, reducing the wear rate for all the 

CSAM-ed parameters, highlighting the lowest value for the Parameter (c),  

1.4±0.3×10–4 mm3·N–1·m–1. The CSAM-ed Al is not a good solution for wear-resistant 

applications; however, the improvement in this property presented the influence of the 

cohesion of particles on the material performance, corroborating with the UTS results. 

The surface condition should be modified to improve the material wear resistance, as 

detailed in Article 6, employing HVOF WC hard coatings on CSAM-ed material. 
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4.3.4.2. Hot Isostatic Pressing 

HIP involves subjecting a solid material to high temperature and pressure in an 

inert gas environment to achieve consolidation, bonding, and improved material 

properties. While CSAM can provide good adhesion and high density, residual porosity 

and insufficient particle bonding may remain. HIP has been used as a post-treatment 

step to address these issues and enhance the quality of the CSAM-ed material [77,85]. 

HIP results in densification, enhanced bonding, homogenization of microstructure, and 

stress relief. 

HIP post-processing can be developed by two methodologies, pressing within 

deformable capsules and capsule-free HIP, considering this last one adequate to 

densify parts with internal closed well-isolated pores [85,86]. For the CSAM-ed 

Ti6Al4V, this last one was chosen because a previous evaluation of the material 

microstructure presented isolated porosity and was not open to the surface or 

connected voids. 

For CSAM traditional and Metal Knitting Ti6Al4V samples, HIP minimized the 

surface and subsurface defects, especially shrinking porosity and improving the 

cohesion of particles, as seen in Figure 48. Increasing the CSAM-ed material fatigue 

resistance is of great value because this degradation mechanism is severely affected 

by defects on the material surface or its surface characteristics. However, Kahlin [87] 

presented that this material evolution by HIP can be less effective if a rough surface is 

maintained because excessive roughness acts as stress concentration, drastically 

reducing the material fatigue life. The intimate interparticular regions were eliminated 

for both strategies, resulting in a metallurgic union between the particles by atomic 

diffusion. 

For CSAM traditional and Metal Knitting Ti6Al4V, the porosity was not altered 

from the as-sprayed to HIP-ed conditions, 11±1% to 12±1%, and 22±1% to 21±1%, for 

traditional and Metal Knitting made, respectively. This unchanging porosity can result 

from a gas transport between pores by the interparticular region since the HIP capsule-

free method was used for the experiments. Bocanegra-Bernal [86] explains that HIP 

within deformable capsules, encapsulated, can be applied to prevent this 

phenomenon, with the gas inside the capsule removed by a vacuum pump before 

placing the capsule inside the HIP vessel. On the other hand, Chen et al. [77] 
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presented a low porosity reduction for CSAM-ed Ti6Al4V by using N2 as working gas, 

but a fully dense material was obtained by HIP the samples made with He as working 

gas. It can be attributed to the higher cohesion of particles in as-sprayed condition 

obtained by the higher Vparticle reached by using He. The higher bonding prevents the 

HIP gas flow in the material interparticular region. 

The HIP-ed material presented a dark grey color, Figure 47 and Figure 48, which 

can be attributed to oxidizing at high temperatures. It could result from O impurities in 

the HIP vessel Ar atmosphere, and its deleterious effect is even more evident for 

CSAM Metal Knitting, Figure 48, with this oxidizing concentrated in the interlayer 

region, where the porosity is high. It confirms that HIP could not reduce the porosity for 

the studied samples or, even worse, retain the O-rich gas in the material, promoting its 

internal oxidizing. For CSAM traditional Ti6Al4V, the deposition layers’ marks became 

apparent, and some large cracks grew in the interlayer regions, Figure 47. 

 

Figure 47: HIP effects on CSAM traditional Ti6Al4V. 

These cracks should already exist internally to the material since they were not 

surface open at the as-sprayed condition, and the external loading imposed by HIP 

propagated them until the material surface. However, the opposite was expected by 

applying the isostatic pressing to the material, shrinking porosity and the small cracks. 

The crack growth direction is expected because the interparticular and especially 
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interlayer are the weakest regions of the CSAM-ed material due to the lower bonding 

strength, as discussed in Article 5. 

 

Figure 48: HIP effects on CSAM Metal Knitting Ti6Al4V. 

Both CSAM traditional and Metal Knitting Ti6Al4V samples had their hardness 

slightly reduced by HIP, from 363±22 to 358±10 HV0.3 and from 367±25 to 

343±27 HV0.3, respectively. It results from the phase transformation and growth of the 

β phase by atomic diffusion and by dwindling the cold-work effect in the particles’ 

periphery by their plastic deformation during the CS deposition. The β phase became 

well distributed in the α grains boundaries, as presented in Figure 47 and Figure 48. 

This phase distribution changes by HIP explains the hardness reduction by the alloy 

elements diffusion during the high temperature, i.e., β phase concentrates V by its 

higher solubility in this phase [85], but with a deleterious effect of reducing this element 

as a solid solution in α phase, impacting negatively in the material hardness. Besides 

that, any residual hard α’- and α’’-martensite phase regions were transformed to α+β 

phase structure, contributing to the hardness decreasing. 



226 
 

4.3.4.3. Spark Plasma Sintering 

Spark Plasma Sintering (SPS) is a technique that consolidates and densifies 

materials, particularly ceramics, metals, and composites, into solid components with 

enhanced properties. It involves the application of a high electrical current and 

pressure to the material, enabling rapid sintering at relatively low temperatures 

compared to conventional sintering methods. The SPS principles are heating the 

material by the Joule effect, employing pulsed current, and submitting the material to 

a high uniaxial pressure [88]. Figure 49 presents an SPS scheme and the sintering 

mechanisms, heating by plasma discharge between the adjacent particles, and Joule 

effects after a metallurgic union. 

 

Figure 49: SPS scheme and sintering mechanisms. 
Adapted from http://www.substech.com/dokuwiki/doku.php?id=spark_plasma_sintering&s=sps. 

Typically, CSAM-ed Ti6Al4V has low deformed particles, and the SPS post-

processing was applied to densify the consolidated material. Using the CSAM 

traditional strategy resulted in lower porosity in as-sprayed condition than the CSAM 

Metal Knitting strategy, 12±1 and 22±1%, respectively. The higher porosity of this last 

strategy was previously discussed in Article 5, correlating the porosity with the Vimpact. 

CSAM traditional and Metal Knitting Ti6Al4V were SPS-ed, resulting in a drastic 

geometry change, as seen in Figure 50, which results from the pressure of 40 MPa 

imposed on the material under high temperatures and a short time, 10 min. The 

selected temperatures were 650 and 800 °C, which are below the β phase 

transformation, close to 950 °C, keeping the Ti alloy in the α field and preventing a 

rapid grain growth above the α–β transition [89]. This effect of rapid grain growth was 
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reported by Weston et al. [88], applying SPS above 950 °C, who obtained a fully dense 

gas atomized Ti6Al4V using SPS at 1200 °C and 35 MPa for 30 min. 

 

Figure 50: CSAM Metal Knitting Ti6Al4V sample. Before and after SPS. 

This severe volume reduction is a limitation in using SPS for CSAM-ed parts 

because one of the most attractive characteristics of this process is to make near-net-

shape parts, requiring minimum machining post-processing. However, for applications 

that require a very dense material, an exceeding CSAM-ed volume can be achieved 

for the SPS-ed near-net-shape geometry. Another limitation in this post-processing is 

that the final shape has to be symmetrical, e.g., cylindrical, for this experiment, 

because the punches move axially during the pressing, differently to HIP, where the 

pressing is not mechanical but by a high-pressure gas surrounding the material. 

For CSAM Metal Knitting Ti6Al4V SPS-ed at 650 °C, the intimate interparticular 

region had a metallurgical bonding by the Joule heating effect, promoting the atomic 

diffusion even for a short heating time, 10 min. However, the particles had not enough 

plasticity to suppress the large porous, which occurred by employing a higher SPS 

temperature, 800 °C, densifying the material with some remaining isolated voids, as 

seen in Figure 52. Besides the densification, the β phase content increased by this 

higher temperature, growing by diffusion in the α grain boundaries. The SPS improved 

the material density for both strategies, and the higher SPS temperature clearly 

reduced the porosity, as presented in Table 7. 
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Table 7: Effect of SPS on the CSAM-ed Ti6Al4V hardness and porosity. 

Processing Condition 
Hardness 

[HV0.3] 
Porosity 

[%] 

CSAM 
traditional 
Ti6Al4V 

As-sprayed 319±19 12±1 

SPS-ed 
650 °C, 40 MPa, 10 min 

346±18 <1 

SPS-ed 
800 °C, 40 MPa, 10 min 

378±8 <1 

CSAM 
Metal Knitting 

Ti6Al4V 

As-sprayed 367±25 22±1 

SPS-ed 
650 °C, 40 MPa, 10 min 

360±21 19±1 

SPS-ed 
800 °C, 40 MPa, 10 min 

388±26 2±1 

 

 

Figure 51: Effect of SPS on the microstructure evolution of CSAM traditional Ti6Al4V sample. 
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Figure 52: Effect of SPS on the microstructure evolution of CSAM Metal Knitting Ti6Al4V sample. 
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4.4. Hybrid Thermal Spray System for AM 

4.4.1. HVOF Feedstock Powders Characterization 

HVOF deposition was used as a post-processing for CSAM-ed Maraging, as 

presented in Article 6; however, this paper did not show in detail the feedstock powder 

characterization, which is presented below. For HVOF depositions, WC-10Co4Cr and 

WC-12Co were selected due to their high industrial usage as wear-resistant coatings. 

WC-10Co4Cr has been presented in the literature as an alternative to the second one 

with the benefit of preventing decarburization while improving the matrix binding. 

Considering that during the thermal spraying processes of hard metals, the WC suffers 

decarburization and oxidation, reacting inconveniently to form di-tungsten carbide 

(W2C), metallic tungsten (W), and oxy carbides [90–92]. The powders’ shapes are 

near-spherical, typical of agglomerated sintered powders, with the WC hard particles 

embedded in the Co or Co-Cr binder and without apparent aggregation between the 

powders, presented in Figure 53. 

 

Figure 53: SEM images HVOF feedstock powders of free surface. (a) WC-10Co4Cr, (b) WC-12Co. 

Both WC- powders showed a homogeneous distribution, as expected for 

commercial feedstock materials, which has been optimized for a long time by scholars 

and manufacturers for the best sprayability and performance. It is in consonant with 

the results presented in the literature [90–94]. Notwithstanding some works showing 

that the carbide size matters for the HVOF-ed coating instead of the particle size 

[95,96], the particle size and spraying parameters enormously impact the coating 

characteristics and quality. Bigger and heavier particles need more energy to reach 

high kinetic energy, but small particles are more exposed to overheating or 

decarburization. Comparing WC-12Co and WC-10Co4Cr, no relevant differences were 
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observed between the two WC powders evaluated, as seen in Figure 54, which are in 

the ideal range for HVOF spraying. 

Table 8 shows the WC powders’ apparent densities and free-flowing flowability, 

this last one is less important for HVOF feeding, since the gun receives the powder 

dragged by a feeding gas, N2 in this work, and a bad free-flowing characteristic of the 

powder is compensated by this pressurized feeding system. The WC apparent 

densities presented in Table 8 are in the range presented by the literature [97,98]. This 

feedstock powder property is important to understand and preview the porosity in the 

coating microstructure, mainly in processes that apply low kinetic energy, e.g., filling a 

powder bed for SLS or SLM AM process. However, HVOF produces typically dense 

coatings by deforming the partially melted particles impacting the substrate with high 

velocity [99]. 

 

Figure 54: HVOF feedstock powders’ particle size distribution. 

Table 8: HVOF feedstock powders’ characteristics. 

Material 

Particle Size 
Distribution 

[µm] 
Shape 

Apparent 
Density 
[g·cm−3] 

Flow Rate 
[g·s−1] 

d10 d90 

WC-10Co4Cr 11 34 Spherical 1.76 ± 0.02 3.91 ± 0.23 

WC‐12Co 9 27 Spherical 2.18 ± 0.01 1 
1 did not flow. 
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The XRD patterns of WC- feedstock powders were almost identical, consisting 

of WC and minor Co phases, as presented in Figure 55. Although the literature has 

reported the generation of other phases during powder preparation, W2C, Co3W3C, 

and Co6W6C, because of the oxidation and dissolution of WC in the Co binder 

[92,93,100], it was not observed in the characterized WC- feedstock powders. It 

qualifies the WC-12Co and WC-10Co4Cr for good performance as HVOF wear-

resistant coatings, emphasizing that selecting HVOF parameters can drastically affect 

this initial condition, decarburizing during the deposition process. 

HVOF WC coatings have been widely used in industry; however, inadequate 

HVOF parameters or powder selection can result in material degradation during the 

deposition and, consequently, a coating with lower properties than expected, such as 

hardness and wear resistance. The parameters presented in Article 6 are optimized by 

the CPT’s group, which has worked with hard coatings for several years. 

 

Figure 55: XRD patterns of the HVOF WC-12Co and WC-10Co4Cr coatings and feedstock powders. 

Decarburizing refers to removing or reducing C from the WC particles during the 

coating process by forming low-resistant carbides or oxidizing, W2C metallic W or oxy-

carbides due to the high temperatures to which the particles are exposed during the 

deposition. The literature presents that changing the binder from pure Co to Co-Cr 

helps to mitigate this decarburizing [101]. Another strategy is using high-velocity 

processes with lower flame temperature, as presented by Grafias et al. [90], i.e., High-

Velocity Air-Fuel (HVAF). In this hot environment, the mechanism of decarburizing 

starts melting the metallic binder, Co or Co-Cr, which have a much lower melting point 

than WC. Afterward, the WC grains dissolve in the molten metal, and C is released by 

its reaction with the O from the environment. After the impact with the substrate, the 
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particles are rapidly quenched, and the dissolved supersaturated WC grains result in 

W2C, W6C2, and Co-containing phases [90,102]. 

XRD was used to identify the phase composition of the WC coatings, which 

were compared with their respective powder’s XRD diffractograms. Figure 55 presents 

this comparison between powder and as-sprayed WC-12Co and WC-10Co4Cr 

coatings. The presence of W2C and W metallic in as-sprayed condition was not 

evidenced in powder condition before the HVOF deposition. This decarburizing did not 

affect the performance of the coatings, which can be interpreted from the coatings' 

microstructural characterization, corrosion, and wear testing results presented in 

Article 6. The objective of using HVOF WC- coatings was to improve the wear and 

corrosion resistance of a CSAM-ed Maraging, a thermal spraying hybrid system, which 

was successfully achieved. 

 



 

 

 

 



 

 

 

 

ARTICLE 6 “IMPROVING THE WEAR AND CORROSION RESISTANCE OF 

MARAGING PART OBTAINED BY COLD GAS SPRAY ADDITIVE 

MANUFACTURING” 

R.F. Váz, A. Silvello, V. Albaladejo, J. Sanchez, I.G. Cano 

 

 
10.3390/met11071092 

 

This work presents the use of CSAM to produce Maraging parts, representing 

a gain for the industry by saving machining time and preventing raw material waste. 

Maraging is a class of hard materials, and deposit successfully it is a challenge for 

scholar that study CS. This paper shows that an adequate selection of parameters 

and spraying conditions makes possible the use of CSAM to make Maraging parts. 

Another contribution is depositing WC hard coatings by HVOF on CSAM-ed 

Maraging, improving its wear resistance and corrosion behavior even more. This 

work presents the feasibility of applying post-treatments on CSAM-ed material, in 

this case, another thermal spraying process to obtain a fast 3D printed part with good 

wear resistance. 

https://doi.org/10.3390/met11071092
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5. OVERALL DISCUSSIONS 

This section summarizes the discussions from Chapter 4, “Results and 

Discussions”, of this thesis. The main objective, “develop spraying strategies or 

methodologies to obtain better CSAM-ed parts quality”, was achieved by the feasibility 

of making more complex geometry parts and better mechanical properties. Each article 

approached different CSAM-ed materials, characterization, and performance testing. 

This section, however, also sheds a more comprehensive and general light on the 

subjects previously discussed: 

AM is competing in the industry with some more mature manufacturing 

techniques, such as casting, machining, and forging, among many others. For some 

applications, AM can substitute the older techniques, but AM still has some limitations 

to overcome. One of the challenges for AM is the production time. For this, CSAM has 

advantages over other AM processes, because it achieves high deposition rates, in 

magnitude of kg·h–1. An example of this production was presented in Article 5 for 

50×50×50 mm3 316L bulks made in just a few minutes. Using new and optimized 

CSAM deposition strategies has decreased the production time by optimizing the robot 

path, DE, and spraying time. It makes the CSAM a feasible AM technique for large 

parts with non-complex shapes or geometries. 

5.1. Influence of Feedstock Powders on CSAM-ed part Properties 

The feedstock powders represent a high cost for AM processes, especially 

those with low DE. Some powders for CS have very high DE, close to 100%, e.g., Ti, 

316L, and Cu; however, others do not, like Inconel 718 or hard alloys. Recycling 

feedstock materials for AM has been researched, as presented by Hegab et al. [103]. 

The studies have been focused on the sustainability proposed by the AM techniques, 

and technically, for metal AM, the scholars have shown how the unconsolidated or 

rebounded powder can be redeposited by the same AM technique or other. More 

advances in powder recycling are found for powder-bed AM processes, i.e., laser 

[104,105], presenting a lack in the literature for CSAM. For CSAM, recycling powder is 

a challenge for the service conditions, e.g., the most adequate method to collect the 

unconsolidated powder. Besides that, harder and brittle particles can break at the 

impact, reducing the particle size distribution for the next use, requiring higher Vimpact 

and more energetic CS parameters. This inverse relation between the particle size and 
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Vcr was presented in the literature [39,51]. An alternative to improve the Vimpact is using 

He as working gas instead of N2, which makes the CSAM deposition much more 

expensive. 

Furthermore, the CS-ed powder that did not bond can be deformed during the 

impact on the substrate, reducing its plasticity for subsequent use. It is well known that 

the CS bonding mechanisms depend on the material plasticity [106–108]. Considering 

these points, more research is required to advance the use of recycled powder for 

CSAM use, maybe limiting how many times a powder can be re-sprayed or which 

powders can be recycled. 

The use of irregular particles for CSAM, instead of the spherical gas atomized 

ones, was validated for 316L in Article 2, resulting that a less costly water atomized 

and a high-cost gas atomized powder are capable of reaching the same or very similar 

CS-ed coating performance, considering wear resistance and corrosion behavior. The 

velocity of CS spraying of 316L and pure Ti irregular and spherical particles was also 

compared, resulting in similar values. The literature presents that the particles’ bonding 

and cohesion strength strongly depend on their in-flight velocity [52,109]. The similarity 

of in-flight conditions for irregular and spherical particles justifies their microstructural 

similarity, supporting the use of less costly feedstock powders. It places CSAM as an 

economically attractive AM process. 

5.2. Improvement of Geometric Accuracy 

Geometric accuracy is another limitation for CSAM industrial maturity increase. 

Scholars have employed time and effort to improve the CSAM capacity for making 

more complex geometries. For example, the literature presents that by varying the 

spraying angle, it is possible to grow vertical sidewalls CSAM-ed parts or thin and high 

walls [43,59,65,110]. An alternative successfully studied in this work is the constant 

deposition angle correction, developing a cone-like path described by the CS jet, 

named Metal Knitting, and presented in detail in Article 3. 

However, both strategies, the first one with single or multiple layers at different 

spraying angles and the second one, Metal Knitting, with a cone-like CS gun 

movement, resulted in regions with low cohesion of particles or aligned porosity. It can 

be a problem and limitation for the industrial application of CSAM. For example, these 

strategies work correctly to make prototypes, models, or any part for which the 



255 
 

geometry is the most important, leaving the mechanical properties in second place. 

Nevertheless, for structural components, improving the CSAM-ed material mechanical 

properties is imperative, and some processing or post-treatment strategies have been 

presented to do it, such as HT [111], in-situ micro-forging [112,113], or hybrid systems 

deposition, e.g., laser-assisted CSAM [114]. Some strategies were tested and 

evaluated in this thesis. 

CSAM Metal Knitting presented limitations to making good parts with a thick 

layer thickness, e.g., pure Al. A thick layer creates shaded areas for the next Metal 

Knitting movement, increasing the material porosity and reducing the material 

properties, especially the strength and cohesion of particles. However, it is important 

to notice that for Al bulks, the innovative CSAM Metal Knitting strategy is not needed 

since the traditional one produces vertical sidewalls. For thin walls, where a single-line 

Metal Knitting path is required, this shading effect is not seen, and the material density 

achieved is as good as the CSAM traditional part made. 

5.3. CSAM-ed Parts Mechanical Properties 

The CSAM-ed material characteristics have been controlled by process 

optimization. Achieving the minimum porosity is usually the objective, but a controlled 

one is more important for some applications, e.g., aircraft Al parts [115] or Ti implants 

[116]. High CSAM-ed materials’ density has been achieved by improving the CS-ed 

particle velocity, keeping it inside the window of deposition presented in the literature 

as limits of minimum and maximum values [52,109]. Using the CSAM Metal Knitting 

strategy resulted in higher porosity than the CSAM traditional one due to the lower 

velocity and shaded areas during the cone-like path described by the gun during the 

first strategy. A thinner layer can reduce this shaded area and, consequently, improve 

the mechanical properties by a more effective peening effect during the deposition, as 

presented by Moridi et al. [83] and Tan et al. [84]. 

Reducing the CSAM-ed layer thickness requires a lower powder feeding rate or 

an increased robot velocity. The first option results in an unstable powder flow for the 

equipment used in this thesis, which was limited to 1 rpm for PCS100 CS gun, close 

to 0.5 g·s–1 for 316L powder. An instable powder feeding reduces the deposition quality 

creating high porosity regions and rough and waved part surface. The second option, 

increasing the robot velocity, is limited by the robot’s top acceleration, which was 
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reached with Vtangential of 500 m·s–1. Employing a newer powder feeder or a more robust 

robot should be attractive to improve the CSAM Metal Knitting material quality. 

The material microstructural characteristics, such as strength or fatigue life, 

severely influence the loading performance. The literature presents how the CSAM-ed 

materials have lower performance than the wrought reference materials, which is a 

consequence of the bonding and cohesion mechanisms, especially the adiabatic shear 

instability (ASI) that does not promote a metallurgic union between the particles 

[117,118]. This bonding weakness was evaluated and presented in Article 5. Post-

processing, in particular HT, promoted an atomic diffusion in the CS-ed material, 

improving the strength and the material isotropy by changing the particle bonding 

primary mechanism from ASI to a metallurgic one, which also changes the fracture 

mode from decohesion of particles in the interparticular region to a ductile one. 

For Ti alloys, the same trend was obtained, improving the material isotropy, 

changing the fracture mode, and increasing the cohesion of particles, but not 

significantly altering the material density, i.e., keeping the same porosity in as-sprayed 

and post-treated material. It occurs because the high temperature is enough to 

promote the metallurgic union of the particles that already were intimately close to each 

other and not approaching the distant particle surfaces, i.e., the atomic diffusion does 

not eliminate the porosity, but it occurs with the interparticular region. This porosity 

reduction was observed by SPS post-treatment, deforming the CSAM-ed material 

plastically, reducing the porosity from 38 to an impressive 2.7% for CSAM Metal 

Knitting Ti6Al4V. Using the traditional strategy, SPS reached <1%, starting from 12% 

in as-sprayed condition. However, SPS altered the CSAM-ed part geometry, limiting 

SPS when using CSAM for complex and near-net-shape geometries. Special graphite 

dies, and punches can be designed for symmetrical shapes, enabling SPS for CSAM-

ed special dense parts, resulting in high mechanical properties. Another positive point 

for using SPS is achieving dense materials with irregular and less costly feedstock 

powders, which, even resulting in high porosity in as-sprayed condition, can reach high 

cohesion of particles and density by selecting optimized SPS parameters [88]. 

HIP is another post-treatment presented in the literature for sintering processing 

and making high-performance materials [119]. HIP improved the density of CSAM-ed 

Ti6Al4V samples in their surface and subsurface regions. However, much porous 

remained internally, unchanging the initial as-sprayed density, especially for the CSAM 
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Metal Knitting made ones. HIP slightly reduced the material hardness and improved 

the cohesion of particles by metallurgic bonding due to atomic diffusion in the most 

intimate material interparticular regions. Employing capsule-free HIP for CSAM-ed 

Ti6Al4V with apparent unopened porosity did not promote material densification, 

indicating that the encapsulated HIP methodology is imperative for CSAM-ed 

materials. 

5.4. Thermal Spraying Hybrid System 

The wear and corrosion performances are dependent on the surface 

characteristics and properties. For CSAM-ed parts, it is not different and, alternative 

strategies can be applied to improve the material’s surface properties. Induction HT, 

nitriding, boriding, painting, etc. For this thesis, the core is the thermal spraying 

process, and Article 6 presents how successful can be an HVOF deposition on CSAM-

ed material. 

For this thesis, CSAM-ed Maraging was coated by HVOF WC, which improved 

the part’s surface properties, especially the wear resistance. The literature had a lack 

regarding this hybrid system, which is partially filled by this academic contribution. It 

was presumable that a carbide coating would improve these properties; however, the 

adherence mechanisms of a HVOF-ed coating on a CSAM-ed hard material was 

unknown. 

An important and exciting use of this hybrid strategy, mixing CSAM and HVOF, 

is depositing the wear-resistant coating on specific regions of the CSAM-ed part, e.g., 

HVOF WC on CSAM-repaired hydraulic turbine blades, with the WC or other cavitation-

resistant coating applied precisely where the cavitation phenomenon occurs. Another 

possibility is to use HVOF coatings internally on CSAM Metal Knitting piping. 

5.5. Final Considerations 

Considering the results and discussions presented in this thesis for CSAM, the 

decision flowchart shown in Figure 56 can achieve a final summary. It is considered 

that at the starting point, the user had previously designed the final part’s geometry 

and properties required. Besides that, it is considered that the user elected CSAM 

based on the advantages this process has over other AM techniques or on the 

limitations that other AM techniques present and CSAM does not, e.g., material 
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oxidation during the deposition. The flowchart scheme endpoint may not be the final 

part ready to use, as it may be require a final machining or adjusting for assembling or 

final fitting, depending on the real part application. 

 

Figure 56: CSAM deposition decision flowchart 

 



 

 

Chapter 6 

CONCLUSIONS 

 



 

 

 



261 
 

6. CONCLUSIONS 

In the different sections of this thesis, each article presented specific 

conclusions and remarks, which finally lead to the general conclusions listed below: 

CSAM is a valid technique to produce parts with many metallic materials, 

highlighting Al, Cu, Ti, Ti6Al4V, 316L, Maraging, and Inconel 625. Each material needs 

optimized parameters, which are different for each CS equipment, to obtain Vparticle in 

the window of deposition range. Different particle size distributions and shapes are 

available in the market with the same chemical composition. For CS spraying, they 

have to be appropriately selected, with consequences on the bonding, DE, material 

quality, and CSAM processing costs. 

It is possible to reduce the CSAM costs by employing less expensive feedstock 

powders, which is attributed to similar microstructures obtained by irregular and 

spherical powders because the optimization of CS parameters imposes on the 

particles enough velocity to promote excellent bonding and particle deformation, as 

evidenced by similar adhesion, abrasion and friction wear resistance, and corrosion 

behavior. For a study conducted specifically for CS 316L, it can be concluded that there 

is no particular advantage in using the expensive gas atomized 316L powders over the 

cheaper water atomized ones. 

The rotation strategy is useful for simple and symmetric geometries, resulting in 

good adhesion to the substrate; additionally, making complex geometries by CSAM is 

possible by employing adequate deposition and robot strategies. The rectifying passes 

eliminate the pyramid-like shape but demands alternated passes with different and 

specific spraying angles. However, for a continuous angle rectifying strategy, the 

CSAM Metal Knitting strategy is an excellent option for ductile materials, such as Cu 

and 316L, producing parts with good mechanical properties and similar microstructures 

to the traditional CSAM strategy. For harder materials, e.g., Ti6Al4V, CSAM Metal 

Knitting inputs lower velocity to the particles, resulting in a material with lower density 

than the obtained by CSAM traditional. 

CSAM Metal Knitting strategy is not necessarily a substitute for the traditional 

one. Still, it can be a complementary stage to this one, redressing the sidewalls to 

lower angles. Therefore, a combination of robot strategies could be a solution for 
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specific applications, e.g., to build a large bulk. The traditional strategy can be applied 

for its central area, while knitting is used on the edges. This would prevent the sidewalls 

inclination and promote the best spraying angle deposition on the central location, 

which is 90 degrees, typical of the traditional strategy. In addition, Metal Knitting can 

be used for repairing elements, such as thin, worn, or damaged walls, e.g., Ti turbine 

blades. 

Improve the CSAM-ed material mechanical properties is achieved by post-

treatments, especially those involving high temperatures. HT, HIP, and SPS improve 

the cohesion of particles, consequently, the material strength; however, they promote 

phase changes, recrystallization, and decrease or complete elimination of cold work 

effects in the material. The HT is simpler and less costly than HIP and SPS ones, 

resulting in similar or identical final mechanical properties and microstructure, 

depending on the CS-ed material and post-treatment process parameters. 

The interparticular region is the weakest part of the CSAM-ed material in as-

sprayed condition, with the tensile testing fracture mechanism being the detachment 

of the particles following this interparticular path. However, the annealing improves the 

cohesion of particles by atomic diffusion and micro welding, changing the fracture 

mechanism to predominantly ductile. 

Considering the CSAM-ed material isotropy, CSAM Metal Knitting and 

traditional strategies produce planar isotropy; nevertheless, anisotropy is evident when 

contrasting the substrate plane and the building direction, with this one weaker due to 

a lower cohesion of particles in this direction. HT can reduce this anisotropy, improving 

the material microstructural homogeneity. The HT also relieves the initial residual 

stress from the deposition process, homogenising it in the material. 

CSAM produces compressive residual stress on the material surface and tensile 

one in the central volume, primarily due to the peening effect. It is an attractive property 

for fatigue life; however, the interparticular region weakness prevails over the residual 

stress state, reducing the fatigue life by the lower CSAM-ed material strength 

compared to the wrought material. HT post-treatment alters this residual stress 

distribution, homogenizing it in the material. 

The use of CSAM as one of the steps of a part production is effective, and a 

hybrid process with thermal spraying HVOF produces parts with high wear and 
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corrosion resistance. The deposition of cermets, WC-12Co and WC-10Co4Cr, by 

HVOF on CSAM-ed Maraging improves the component’s wear resistance. The sliding, 

abrasion wear, and water erosion rates were reduced drastically due to the hard 

coating. The hard coating also reduces the potential of corrosion. 
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8. APPENDIX 

This section presents works presented in congresses, symposiums, and 
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Authors: A. Garfias, R.F. Vaz, J. Sánchez, V. Albaladejo, I.G. Cano 

Presentation: Poster 

 

Event: III Congreso Internacional de Ingeniería Mecánica (COIIM) 

Organizer: Universidad Señor de Sipán 

Location: Online 

Date: 27-28 October 2022 

Title: 
La evolución de la manufactura aditiva de metales y el empleo del proceso de 
proyección fría 

Authors: R.F. Vaz 

Presentation: Conferencia Magistral 

 

Event: 23as Jornadas Técnicas de Soldadura y Tecnologias de Unión 

Organizer: Asociación Española de Soldadura y Tecnologías de Unión (CESOL) 

Location: Irún, Spain 

Date: 7-9 March 2023 

Title: 
Comparación de recubrimientos de FeMnCrSi hechos por proyección fría y plasma 
de arco transferido 

Authors: R.F. Vaz, J. Sanchez, I.G. Cano, A.G.M. Pukasiewicz 

Presentation: Oral 

 



287 
 

Event: 23as Jornadas Técnicas de Soldadura y Tecnologias de Unión 

Organizer: Asociación Española de Soldadura y Tecnologías de Unión (CESOL) 

Location: Irún, Spain 

Date: 7-9 March 2023 

Title: 
El efecto de la normalización en las propiedades del 316L obtenido por proyección 
fría 

Authors: R.F. Vaz, V. Albaladejo, J. Sanchez, I.G. Cano 

Presentation: Oral 

 

Event: International Thermal Spray Conference (ITSC 2023) 

Organizer: Thermal Spray Society (TSS) of American Society for Metals (ASM) 

Location: Quebec City, QC, Canada 

Date: 22-25 May 2023 

Title: Effect of mixing He/N2 as cold spray atomizing gas on Ti6Al4V properties 

Authors: R.F. Vaz, N. Shukla, J. Sanchez, V. Gomez, I.G. Cano 

Presentation: Poster 

 

Event: International Thermal Spray Conference (ITSC 2023) 

Organizer: Thermal Spray Society (TSS) of American Society for Metals (ASM) 

Location: Quebec City, QC, Canada 

Date: 22-25 May 2023 

Title: Near-net shape repair of Ti6Al4V thin-walled components by CSAM 

Authors: A. Garfias, R.F. Vaz, V. Albaladejo, Z. Garcia Corral, J. Sanchez, I.G. Cano 

Presentation: Poster 

 

Event: International Thermal Spray Conference (ITSC 2023) 

Organizer: Thermal Spray Society (TSS) of American Society for Metals (ASM) 

Location: Quebec City, QC, Canada 

Date: 22-25 May 2023 

Title: 
Metal 3D printing of new structured surface BPPs for PEMWEs by Cold Gas 
Spraying 

Authors: 
A. Garfias, R.F. Vaz, A. Rocha, V. Albaladejo, R. Ferreira, J. Sanchez, M. Sarret, 
D. Falcão, I.G. Cano, A.M.F.R. Pinto, T. Andreu 

Presentation: Oral 
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Event: 
CEIPM 2023 – Congreso Español Iberoamericano de Pulvimetalurgia.  
VIII Congreso Nacional / III Congreso Iberoamericano 

Organizer: Comité Español de Pulvimetalurgia (CEP) 

Location: San Sebastian, Spain 

Date: 29-31 May 2023 

Title: 
Annealing effect on the microstructure of reconstructed metallic parts by the cold 
spray Metal Knitting method 

Authors: A. Garfias, R.F. Vaz, V. Albaladejo, J. Sánchez, I.G. Cano 

Presentation: Oral 
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8.3. Awards and Funding Projects 

Grant: FI-SDUR grant for pre-doctoral researchers 

Funder: Catalonia Government (Generalitat de Catalunya) 

Title: Development of strategy to make thick hard coatings by cold spray 

Authors: R.F. Vaz 

Date: 20 October 2020 

Funding: 68,197.78€ 

 

Project: 
Calling: ACNS & NDF 2022-1 
Proposal: 13534 

Funder: Australian Centre for Neutron Scattering 

Title: 
Evaluation of residual stress in 316L and Al cold gas spray additive manufacturing 
parts 

Authors: R.F. Vaz, V. Luzin, I.G. Cano, J. Sanchez 

Date: 13 June 2022 

Funding: 9 days of Kowari equipment using for neutron diffraction 

 

Project: 
Calling: PETRA III 2023/1 
Proposal: I-20230101 

Funder: Deutsches Elektronen-Synchrotron DESY 

Title: 
Residual Stress Evolution by Heat Treatment of Ti alloys parts produced by Cold 
Spray Additive Manufacturing 

Authors: R.F. Vaz, J.A. Avila, I.G. Cano, J. Sanchez 

Date: 03 June 2023 

Funding: 48 h in beamline P61 

 

Award: Editor’s choice paper 

Journal: Coatings 

Organizer Multidisciplinary Digital Publishing Institute (MDPI) 

Title: 
The influence of the powder characteristics on 316L coatings sprayed by cold gas 
spray 

Authors: R.F. Vaz, A. Silvello, J. Sanchez, V. Albaladejo, I.G. Cano 

Date: 20 October 2022 

Prize: A free article publishing in MPDI journals (±2,050€) 
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Award: Best presentation of the “Fabricación Aditiva” session 

Event: 23as Jornadas Técnicas de Soldadura y Tecnologias de Unión 

Organizer Asociación Española de Soldadura y Tecnologías de Unión (CESOL) 

Title: 
Comparación de recubrimientos de FeMnCrSi hechos por proyección fría y 
plasma de arco transferido 

Authors: R.F. Vaz, J. Sanchez, I.G. Cano, A.G.M. Pukasiewicz 

Date: 09 March 2023 

Prize: 1,000€ 
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8.4. CSAM-ed Parts, Strategy, Parameters, Geometric Aspects, and Images 
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