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Abstract 

Metal additive manufacturing is poised to be a manufacturing technology that positively affects all of the 

world's major industries as it has seen very rapid growth in recent years thanks to technological 

developments and research investments. 

Among the different additive manufacturing methods, there is the technique of Binder Jetting, which is 

based on the manufacture of piece layer by layer by the selective deposition of fluid binder on a bed of 

metallic powder. After the printing process, the pieces obtained must undergo curing and subsequent 

densification. This is the only manufacturing process for powder bed additives that is not based on melting, 

so the manufactured parts have isotropic properties and are free of residual stresses since the thermal 

gradients during the process are eliminated. Along with this, the fact that it does not require a camera 

under specific conditions makes this technique potentially more scalable than other additive 

manufacturing techniques. Additionally, these processes allow the ability to produce various metal parts, 

of different sizes, functional and complex geometries for various applications at a lower cost and a shorter 

delivery time than other technologies. 

The American company HP Inc has adopted this technology to manufacture metal 3D printers. Being a 

recent technology, its research focuses on the most used metals, such as 316L stainless steel due to its 

wide range of applications, such as biomaterials, automobile parts, nuclear reactors, and any application 

that requires resistance to corrosion. 

This work collects the information necessary to understand this technique, in addition to being a guide on 

the selection of the raw material and the optimization of the process parameters. The characteristics of 

the powder, the properties of the binder, and the parameters of the printing process that most influence 

the properties of the final pieces are reviewed. Therefore, what this is about is that this work is a prelude 

to future projects in collaboration with HP where the metallic powder is studied and its influence on the 

selection of some process parameters. 
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Resumen 

La fabricación aditiva (en inglés additive manufacturing) de metal está preparada para ser una tecnología 

de fabricación que afecta positivamente a todas las principales industrias del mundo ya que, en los últimos 

años, ha experimentado un crecimiento muy rápido gracias a los desarrollos tecnológicos y a las 

inversiones en investigación. 

Entre los diferentes métodos de fabricación aditiva existe la técnica de inyección de aglomerante o binder 

jetting en inglés, el cual se basa en la fabricación de una pieza capa por capa mediante la deposición 

selectiva de aglutinante fluido sobre un lecho de polvo metálico. Tras el proceso de impresión, las piezas 

obtenidas deben de someterse a un curado y a una densificación posterior. Este es el único proceso de 

fabricación aditiva de lecho de polvo que no está basado en fusión, por lo que las piezas fabricadas poseen 

propiedades isotrópicas y están libres de tensiones residuales ya que los gradientes térmicos durante el 

proceso son eliminados. Junto a esto, el hecho de que no requiera una cámara bajo condiciones 

específicas, hace que esta técnica sea potencialmente más escalable que otras técnicas de fabricación 

aditiva. A todo esto, se le suma la capacidad de producir varias piezas metálicas, de diferente tamaño, 

funcionales y de geometrías complejas para diversas aplicaciones a un costo menor y un tiempo de 

entrega más corto que otras tecnologías. 

Esta tecnología ha sido la adoptada por la empresa estadounidense HP Inc. para la fabricación de 

impresoras 3D de metales. Al ser una tecnología reciente, sus investigaciones se centran en los metales 

más utilizados, como es el caso del acero inoxidable 316L debido a su amplio abanico de aplicaciones, 

como por ejemplo en biomateriales, piezas de automóviles, reactores nucleares y cualquier aplicación que 

requiera resistencia a la corrosión.  

En este trabajo se recopila información necesaria para poder comprender dicha técnica, además de ser 

una guía sobre la selección de la materia prima y la optimización de los parámetros del proceso. Se 

revisan las características del polvo, las propiedades del aglutinante y los parámetros del proceso de 

impresión que más influyen en las propiedades de las piezas finales. Por lo tanto, lo que se trata es de que 

este trabajo sea como una antesala a futuros proyectos en colaboración con HP donde se proceda a 

estudiar el polvo metálico y su influencia en la selección de algunos parámetros de del proceso.  
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Resum 

La fabricació additiva de metall està preparada per ser una tecnologia de fabricació que afecta 

positivament a totes les principals indústries del món ja que en els últims anys, ha experimentat un 

creixement molt ràpid gràcies als desenvolupaments tecnològics i a les inversions en recerca. 

Entre els diferents mètodes de fabricació additiva hi està la tècnica d'injecció d'aglomerant, la qual es basa 

en la fabricació d'una peça capa per capa mitjançant la deposició selectiva d'aglutinant fluid sobre un llit 

de pols metàl·lic. Després del procés d'impressió, les peces obtingudes s'han de sotmetre a un curat i a 

una densificació posterior. Aquest és l'únic procés de fabricació additiva de llit de pols que no està basada 

en la fusió, de manera que les peces fabricades posseeixen propietats isotròpiques i estan lliures de 

tensions residuals ja que els gradients tèrmics durant el procés són eliminats. A més a més, el fet que no 

requereixi una càmera sota condicions específiques, fa que aquesta tècnica sigui potencialment més 

escalable que altres tècniques de fabricació additiva. A tot això se li suma la capacitat de produir diverses 

peces metàl·liques, de diferent grandària, funcionals i de geometries complexes per a diverses aplicacions 

a un cost menor i un temps de lliurament més curt que les altres tecnologies. 

Aquesta tecnologia ha segut l'adoptada per l'empresa nord-americana HP Inc per a la fabricació 

d'impressores 3D de metalls. Al ser una tecnologia recent, les seves investigacions se centren en els metalls 

més utilitzats, com és el cas de l'acer inoxidable 316L a causa del seu ampli ventall d'aplicacions, com per 

exemple en biomaterials, peces d'automòbils, reactors nuclears i qualsevol aplicació que requereixi 

resistència a la corrosió. 

En aquest treball es recopila informació necessària per poder comprendre aquesta tècnica, a més de ser 

una guia sobre la selecció de la matèria primera i l'optimització dels paràmetres del procés. Es revisen les 

característiques de la pols, les propietats de l'aglutinant i els paràmetres del procés d'impressió que més 

influeixen en les propietats de les peces finals. Per tant, el que es tracta és que aquest treball sigui com 

una avantsala a futurs projectes en col·laboració amb HP on es procedeixi a estudiar la pols metàl·lic i la 

seva influència en la selecció d'alguns paràmetres de de el procés. 
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Glossary of terms 

.stl   Standard Tessellation/Triangle Language 

3D Three -Dimensional 

AAS Atomic Absortion Spectroscopy with flame atomizer 

ACI Alloy Casting Institute 

ACT Additive Technology Center 

AD Accumulating Direction 

AES Auger Electron Spectroscopy 

AFM Atomic Force Microscopy 

AFNOR French Association for Standardization 

AISI: American Iron and Steel Institute 

AM: Additive Manufacturing 

ANSI: American National Standards Institute 

AOR Angle of Repose 

ASME American Society of Mechanical Engineers 

ASTM American Society for Testing and Materials 

AWS American Elding Society 

BCC Body-Centred-Cubic 

BET Brunauer-Emmett-Teller Technique 

BFE Basic Flow Energy 

BJ Binder Jet 

BJH Barrett-Joyner-Halena 

BSE Backward Scattered Electron 

CAD Computer-Aided Design 

CAGR Compound Annual Growth Rate 

CBD Bulk Density 

CI Carr Index 

CJ Continuous jet print head 

CNC Computer Numerical Control 

CR Counter-Roll 

CT/XCT Computed Tomography by X-Ray 

D  penetration depth of the binder 

DED Direct energy deposition 

DLS Dynamic Light Scattering 

DMD Direct Metal Deposition 

DMLS Direct metal laser sintering 

DoD Drop-on demand print head 

DS  Double Smoothing 

DSC Differential Scanning Calorimetry 

DTA Differential Thermal Analysis 

EBAM Electron Beam Additive Manufacturing 

EB-PBF Electron beam melting 
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EDM Wire Electroerosion 

EDX/EDAX Energy Dispersive X-Ray Spectroscopy 

EEBE Escola d'Enginyeria Barcelona Est 

EELS Electron Energy Loss Spectroscopy 

EI Empirical Explosive Index 

EPMA Electronic probe X-Ray Microanalysis 

FCC Face-Centred-Cubic 

FDM Fused Deposition Modelling 

FESEM Field Emission Scanning Electron Microscope 

FIB Focused Ion Beam 

GDP Gross Domestic Product 

GE General Electric 

GS-AAS Atomic Absortion Spectroscopy with graphite furnace 

HIP Hot Isostatic Pressing 

HP HP Printing and Computing Solution S.L. 

HR Hausner Ratio 

HRTEM High Resolution Electron Transmission Microscope 

ICP-OES 
Optical Emission Spectroscopy with Inductively Coupled Plasma 
source 

ICT Information and communications technology  

IMF International Monetary Fund 

IPC-MS Mass Spectroscopy with Inductively Coupled Plasma source 

IR Infrared Absortion 

ISO International Organization for Standardization 

LB-PBF Selective Laser Powder Bed Melting 

LD Laser Diffraction 

LENS Laser Designed Network Shaping 

LOM Laminated Object Manufacturing 

ME Metal Extrusion 

MIM Metal Injection Molding 

MIT Massachusetts Institute of Technology 

MJ Material jet 

MPIF Federation of Metal Powder Industries 

NIST National Institute of Standards and Technology 

NPJ NanoParticle Jetting 

Oh Ohnesorge number 

OM Optical Microscopy 

PBF Powder bed fusion 

PM Powder Metallurgy 

PREP Plasma Rotating Electrode Process 

PSD Particle Size Distribution 

R&D Research and Development 

RBS Rutherford Backscatter Spectroscopy 



Master's Thesis of Mª del Mar Blanes Martínez. 

viii  

RD Rolling Direction 

Re Reynolds number 

REP Rotating Electrode Process 

RH Relative humidity 

RP Rapid prototyping 

RPA Revolution Powder Analyser 

SAE Society of Automotive Engineers 

SE Specific Energy 

SE detector Secondary Electron Detector 

SEM Scanning Electron Microscope 

SGC Solid Ground Curing 

SH Spherical Harmonic Analysis 

SI Stability Index 

SL Sheet Lamination 

SLA /SL Stereolithography 

SLM Selective Laser Fusion/Melting 

SLS Selective Laser Sintering 

SPM Scanning Probe Microscopy 

TC Thermal Conductivity 

TEM Transmission Electron Microscope 

TFM Trabajo Final de Máster 

TGA Thermogravimetic Analysis 

TMA Thermomagnetic Analysis  

TPA Thermoparticles Analysis 

UC/USL/UAM          Ultrasonic Consolidation Sheet Lamination 

UNS Unifred Numbering System 

UPC Universitat Politècnica de Catalunya 

USA Unated State 

VD Vibrating Direction 

W Extension of the binder 

WD Working Distance 

We  Weber number 

WEDM Electric Wire Discharge Machining 

XPS X-Ray Photoelectron Spectroscopy 

XRD X-Ray Diffraction 
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Preface 

Origin of the Project 

Initially, this work was to be part of an ongoing research collaboration between HP Printing and Computing 

Solution S.L (HP) and the Department of Materials Science and Metallurgy of the Universitat Politècnica de 

Catalunya (UPC-EEBE). This research would have been to characterize a series of dust samples that HP 

uses for 3D metal printing. This powder is 316L stainless steel. The supposed objectives were to quantify 

the parameters that affected the process in order to establish quality criteria and check if the powder 

underwent any changes after printing to ensure that it can effectively be recycled. In other words, it would 

be a matter of analyzing stainless steel metal powder to better understand its behavior and thus optimize 

the printing process. 

The problem arose when, due to the coronavirus pandemic, the state of alarm was declared on 14th of 

March of 2020 in Spain, and all kinds of activities were prohibited. As a consequence, it was decided to 

adapt this project to a possible end-of-Master’s project that did not require experimental work. This is 

how this bibliographic work emerged, where different studies related to metal 3D printing are compiled, 

focusing on the technology used in HP and 316L stainless steel. Therefore, this work could be the prelude 

to a future project for the characterization of metallic dust used in HP. 

Motivation 

3D printing is the technology that is revolutionizing traditional manufacturing systems. Layered 

manufacturing methodology represents a disruptive change in the industry that requires careful analysis 

for optimal exploitation. The evolution that this technology is experiencing is dizzying and it is very 

important to be updated on the new processes, materials and solutions that are appearing. 

From the point of view of an engineer, the possibilities presented by this technique are very interesting 

since it presents substantial improvements in the production processes in terms of efficiency and 

flexibility.  

As we have been able to observe these two months of health crisis where many of the population has 

suffered from a severe acute respiratory syndrome caused by the coronavirus (SARS-CoV-2), it has been 

possible to manufacture in record time, unimaginable if the old manufacturing techniques had been used, 

parts for medical respirators and other useful utensils for health workers. Some of the companies that 

have made this possible have been both large companies such as HP and Materialize, as well as small 
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shops or technology centers such as the Leitat Technological Center. It is true that most of these parts 

have been manufactured using polymeric materials such as polyamide 12. This is because additive 

manufacturing on an industrial scale is more evolved with these materials. 

During my internship at HP, I was very interested in its 3D printing technology, since its focus is industrial 

production, and has become a competitor of traditional technologies. For this reason, I wanted to carry 

out a project with this company, to be able to take advantage of this opportunity and learn more about 

the materials and the process. After having several meetings with different departments of the university 

and commenting on their respective proposals, the decision was made, opting for this project. 

Prerequisites 

The objective of this master's thesis is to understand the behaviour of metallic powder used during the HP 

printing process. To give an overview of the organization of this work, the first part of the master's thesis 

focuses on a short introduction and presentation of additive manufacturing (AM) and then, in the second 

chapter, expand on its development, commenting on the different AM technologies or do a little analysis 

of the current situation. This part is where the Binder Jet technology of metal AM will be presented. After 

this section, we will proceed to discuss how metallic powders are made and the different properties to 

take into account in their characterization. The last chapter is a compilation of the results of different 

studies, where the suitable properties and parameters of the process are specified to optimize 3D metal 

printing using Binder Jet technology. 

Two aspects to consider in future dust characterization projects used by HP 316L stainless steel are also 

set out in the annexes. Annex A will be a summary of stainless steel, their composition, and their different 

types. Annex B details the advanced techniques that could be successful in the characterization of metallic 

powder, possible techniques to take into account in a future characterization of the powder. 

 . 
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Objectives 

The main objective of this research work is to carry out a general review of the additive manufacturing 

technology known as Binder Jetting, in order to know its operation and thus be able to better understand 

the technique in future studies. Therefore, it is contributing to the development of additive manufacturing 

technologies for obtaining metal parts. 

For this, we will proceed to: 

 Get an overview of 3D printing technologies for metallic materials. 

 Know the possible manufacturing processes of metallic powder and the advantages of these, to 

be able to select the appropriate raw material and estimate its cost. 

 Know how to characterize metallic powders and the analytical techniques used to obtain or 

measure this property. 

 Understand the relationship between the physical properties of metallic powders and their 

printing capacity using Binder Jetting technology. 

 Provide a comprehensive guide to select the optimal parameters of the BJ printing process. These 

optimal conditions will lead to achieving the total density and desired properties of parts 

manufactured by BJ.
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1.  Industry 4.0 and Additive Manufacturing. 

1.1. Digital economy and Industry 4.0. 

In the last decades, there has been a transition towards the new digital paradigm established in the 

globalized world. The term "digital economy" refers to the increase in technical and technological 

applications from the computer and telecommunications sector (ICT), which have caused a change at the 

social, cultural and economic level. This term was first defined in 1998 in the report of the United States 

Department of Commerce "The emerging digital economy"[1]. Don Tapscott's book " Digital Economy: 

Promise and Peril in the Age of networked Intelligence" talks about new interesting business possibilities 

for the industry [2]. In this new environment of an interconnected system, the economy involved a 

modification of the production models in aspects such as location, production size, and business 

relationships between suppliers, customers and competitors. In addition, thanks to ICTs, there was growth 

in the global market as we know it today [3]. 

The introduction of new digital technologies in the industry allows a connection between the technologies 

that emerged in The Third Industrial Revolution, such as process automation, and digital technologies 

focused on data storage, processing and transmission. The collaboration between the physical world 

(devices, installations and machinery) and the digital world (systems) created the intelligent industry, 

which is known as Industry 4.0. This new trend has allowed the interconnection of value chains and 

business models. In other words, business models have emerged in which value chains are integrated and 

digitized, where individualized management of the product-customer binomial is made thanks to the 

development of personalized products and real-time connections.[4] 

In summary, the digital transformation emerged as a response to the new needs of the productive 

processes such as the reduction of the consumption of material resources and time, the maximization of 

efficiency, flexibility and productivity. Nowadays it is not just about generating a competitive advantage 

but it is already a matter of survival for companies. 

The Figure 1 shows a way to group the new technologies that emerged in the new panorama. 
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Figure 1. Technologies that are part of the Industry 4.0 .[5] 

The eight techniques are additive manufacturing (AM), collaborative robotics, cyber-physical systems, 

cloud computing, big data, augmented reality, artificial vision or virtual reality, and cybersecurity. All these 

techniques have allowed huge amounts of data to be processed at high speed and mechanical systems to 

be operated, exceeding the limits of reliability and precision. However, manufacturing processes are still 

largely traditional. The physical limitations of these traditional methods make it difficult to develop new 

products with high additive value or with new functionalities. 

1.2. Additive manufacturing techniques 

Additive manufacturing (AM) techniques allow to overcome these barriers, reducing the distance between 

the conceivable and the achievable, giving designers great freedom, thus opening a new field of 

exploitation of the individuality of consumers, that is, to personalization. It also allows you to go from a 

digital object to a real one more easily. Therefore, it has the potential to outline a future where productive 

centers exist; delocalized, working in a network, and collaboratively multiplying my means and resources, 

reducing displacement, delays and waste. [6, 7] 

The limitations of AM, which are currently conditioned by the current state of the art, do not lie in the 

process, but in the materials, its cost and productivity. During these last years, AM has been a focus of 
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attention throughout Europe. The main European R&D financing programs have different open calls for 

this type of technology, thus demonstrating the great potential and interest it arouses.  

At the beginning, AM techniques came up with the name of rapid prototyping (RP) since they were 

originally conceived for this purpose. The first RP-reproduced object occurred on March 9, 1983 by Charles 

W. Hull (USA), who obtained one object by consolidating multiple layers of an acrylic-based 

photopolymeric material. Later the patent was obtained in 1986, coining the term stereolithography (SLA) 

and it was from the North American company 3D Systems. This technique arrived in Europe in 1990 and 

later new AM techniques emerged and with them applications [8]. The following AM technologies 

emerged in 1991 and were the Fused Deposition Modelling (FDM) of the American company Stratasys, 

Solid Ground Curing (SGC), from the Israeli Cubital and Laminated Object Manufacturing (LOM), from the 

American Helisus. In 1992, the sintering system known under the name of Selective Laser Sintering (SLS) 

was born from the hand of American company DTM. From this moment on, new technologies were 

continuously developed in search of new applications such as the Polyjet technique. However, it was not 

until the open-source movement of Dr. Adrian Bowyer's RepRap project appeared in 2005 when the 

barriers of 3D printing started to slowly fall until today. [9] 

The basic operation of AM is to selectively build the final piece layer by layer from three-dimensional (3D) 

models. Various materials can be used as a raw feedstock, including metals, ceramics, polymers, sand and 

glass.[6, 10-19]. The increasing attention in AM techniques is due to the ability to produce complex parts 

in a simple way, directly from a computer-aided design (CAD), assuming a minimization of cost, 

consumption of energy and raw material, amount of waste produced, steps of production and therefore 

time spent and human resources used. [6, 16, 20-26]. Another reason for the current interest in metal AM 

is that the final products, which were the result of the assembly and the union of different parts using the 

previous techniques, are produced as a monolithic piece or reduce the number of subcomponents. This 

can be critical on parts designed to handle air and liquids, because gaskets and sealing surfaces are points 

where mechanical failures and leaks occur. [7] 

In addition, life cycle studies have been carried out, comparing AM and conventional manufacturing. All 

studies concluded that the energy consumption of AM dominates environmental impacts.[27-29] 

Although there are a wide variety of different AM processes, they all have a series of steps or phases in 

common, specifically in three general phases. The first phase is the conception or conceptualization of the 

object and subsequent digitization, obtaining the CAD model in three dimensions. Reverse engineering 

can also be applied and the CAD model can be obtained from a physical object by means of three-

dimensional scanning of that object. After obtaining the CAD model, the geometry is discretized through 

a mesh of interconnected triangles. This new format is the well-known stereolithography and its 

corresponding extension is “.stl” (Standard Tessellation Language or Standard Triangle Language). As the 
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Figure 2 shows, the level of precision with which the geometry is defined depends on the size or number 

of the triangles in the mesh. 

 

Figure 2. Discretization of a sphere using different mesh. [W1] 

The last software used in this stage is specialized software for the reproductive equipment. This defines 

the location of the object on the construction platform, the orientation of the pieces, their labeling if 

necessary, and the definition of supports or container-boxes. Some software allow you to define some of 

the physical properties of the object such as the infill of the part. Some of the software that currently exist 

in the market are MAGICS by Materialize, CURA, slic3r (open source created by David Braam and 

Alessandro Ranellucci respectively), Creative Workshop created by Steve Hernández and Shai Segar or 

Netfabb acquired by Autodesk. These allow going from a digital file in STL format that defines the 

geometry, to a new format readable by the AM machine that defines the sequence of instructions 

necessary for it to proceed. Once defined how the pieces will be reproduced, these software are 

responsible for discretizing the file in layers. The number of layers is defined by the thickness of the layers. 

Slicing causes the simplification of a 3D geometry into a set of two-dimensional (2D) elements. Therefore, 

the thickness of the layer influences manufacturing time, productivity, the smoothness of the curves and 

thus the quality of the final part. This is how the way in which objects are reproduced becomes important, 

because it is not the same to print vertically than horizontally, since the number of layers, the mechanical 

properties of the object or the "aesthetic" quality of the piece will change. 

The next stage is manufacturing where the necessary human resources are few or none. This is one of the 

advantages of AM techniques since it allows the delocalization of the manufacturing. The last stage would 

be the one known as post-processing or finishing. This is made up of all the processes that intervene in 

the finalization of the piece, such as, for example, the removal of the supports or excess dust, the curing 

to increase hardening, heat treatments or surface finishing processes. 
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2. Metal Additive Manufacturing’s technology 

Following commercialisation in the 1990s, today metal 3D printing is advancing rapidly, becoming more 

advanced, increasing print speeds and having greater range of industrial materials. 3D metal printing is 

targeted to compete with traditional methods. These traditional manufacturing methods for shaping 

metal material components range from metal forming (for example rolling, extrusion, injection moulding, 

forging, drawing), metal bonding (for example welding, brazing), machining, casting, and powder 

metallurgy (press and sinter processes).  

Because of this, there is currently wide variety of technologies available and integrating them into existing 

workflows can be challenging for many companies. In competing with traditional manufacturing methods, 

several factors influence AM implementation in the industry, such as technological factors, organizational 

factors, strategic factors, operational factors, and supply chain.[30] 

The interest arising from this form of manufacturing is due to the potential it presents compared to 

traditional manufacturing processes [31]. The key potential benefits of 3D metal printing are[32]: 

 Time saving and cost reduction: AM tools such as moulds are eliminated, which reduces costs and 

accelerates the transition from design to production and therefore the time used. It also avoids 

further assembly or assembly processes which also significantly reduces time and labour. 

 Less waste production: since it is not a subtractive manufacturing method, it generates less waste. 

In many cases, non-sintered metal powders can even be reused, greatly increasing the efficiency 

of the process. 

 Higher level of complexity and innovation in design. Lightweight metal parts with improved 

functionality and complex mechanical properties or geometries can be produced more cost-

effectively using design tools such as topology optimization and generative design. 

 Cost-Effectiveness of Low-Volume Production and Customization: Because no tools are required, 

the production of custom parts is cost-effective whether it is a single part or a small batch. This 

also creates an on-demand demand market. In other words, companies can offer a printing 

service that reduces the need to store parts in a physical inventory and thus simplify logistics and 

the supply chain. 

Therefore, it follows that AM technologies reduce production costs. Gebler et al. demonstrated by 

calculations made using their model, that 3D printing contains the potential to reduce costs by  150–

535 billion of €, total primary energy supply by 2.54–9.30 EJ, and CO2 emissions by 130.5 –525.5 Mt 

by 2025.[33] 

The benefits of metal 3D printing are clear, but such a manufacturing method faces challenges such as 

high prices. Admittedly, the price of 3D printers has dropped significantly in the past decade; the cost of 
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AM metal systems remains one of the top challenges for companies looking to invest in technology. 

Nevertheless, it is not just the price of the machine, the current metal materials available on the market 

are generally quite limited, and the costs are significantly higher than those of the metals used in 

traditional metal fabrication. Other challenges are the multiple control parameters make it a complex 

process, and the control of the variables is important to allow high quality and repeatable metal parts. 

Knowledge of the relationship between printing processes and the properties of the resulting material is 

not yet accurate, so confidence in these parts for structural applications is low. [34] 

Printer manufactures, material suppliers and all the companies that have their niche in metal 3D printing 

are prepared to cover the expected demand that is worth 17B € in 2029. This growth was analysed in the 

latest market intelligence report from IDTechEx Research, 3D Printing Metals 2018-2028: Technology and 

Market Analysis [35]. Exponential growth rates will continue as new technologies at lower price hit the 

market. Exponential growth rates will continue as the new lower-priced technologies hit the market. The 

Compound Annual Growth Rate (CAGR) will continue to be a high value, of 23% between 2018 and 2028. 

Long-term materials revenue will grow at faster rate than for printers. [W2] 

2.1. Common materials used 

The metallic materials used are generally high-quality powder and must meet certain characteristics, such 

as the shape and size of the particles, and the density of the powder. It is true that the range of metals for 

3D printing is limited due to the time required to adapt and produce these metals for the printing process. 

This does not happen in all techniques, as there are some that can use metals used in traditional processes. 

The most commonly used materials today are light metals such as aluminium, titanium and stainless steel. 

Refractory metals and cobalt chromium alloys are also being used, due to their interest in the aviation and 

oil-gas sectors. The table below (Table 1) shows the most used metals and their applications, along with 

the characteristics that make them optimal for these applications [36-38].
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Table 1. The most used metals in 3D metal printing industries. [W3] 

Material Applications Characteristics 

Aluminium and alloys 
AlSi10Mg 

Lightweight or/and geometrically 
complex parts. 

In electronic, automotive and 
aerospace industries 

 High corrosion resistance 

 Easy post-processing 

 High strength to weight ratio 

 If it is alloyed with silicon, its 
resistance is greater. 

 High temperature resistance and 
thermal and electrical conductivity. 

Titanium and alloys 
Ti6Al4V 

Motorsport, aviation, aerospace and 
medical/dental industries 

 Excellent biocompatibility 

 Good strength and toughness 

 High corrosion resistance 

 High density but lightweight 

 High cost. 

Stainless steel 
316L 

Aerospace, oil & gas, food processing 
and medical industries. 

In consumer products such as 
cutlery. 

 High hardness and toughness 

 Biocompatible 

 High resistance to corrosion 

 Good weldability 

 High ductility 

 Lower cost than titanium or nickel 

Cobalt chromium 
alloy 

CoCrMo 

Medical and dental devices, gas and 
wind turbines, engine components. 

 Excellent strength 

 High corrosion resistance 

 Temperature resistance 

 Non-magnetic 

 Biocompatible 

Nickel alloys 
Inconel 625 and 718 

High-temperature applications. 
Aerospace, chemical process and 

power industries. 

 High corrosion resistance 

 Great strength and toughness at high 
temperature 

 Excellent weldability 

Copper alloys 
Tool inserts electrical engineering 

and thermal management 
applications. 

 Good rigidity 

 Excellent thermal and electrical 
conduction 

Refractory metals 
(tantalum, niobium 

and tungsten) 

High-stress applications (missile and 
rocket thruster nozzles; valves and 

manifolds; implants) 

 High hardness 

 Heat and wear resistant 

 High corrosion resistance 

 Chemical inert 

 High thermal stability 

 High biocompatibility and low toxicity 
(tantalum) 

Precious Metals 
(silver, gold, platinum, 

brass and bronze) 

jewellery, accessories, and 
decorative objects 

 Printing precious metals directly is 
very limited. 

Maraging steel 
(iron alloy exposed to 
high temperatures) 

Production of moulds and tools for 
injection moulding  

Components requiring high strength. 

 High strength, hardness and 
malleability. 

 Easily machined and welded. 
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2.2. Metal Additive Manufacturing’s techniques 

With the development of laser-based powder bed fusion, the first technology for metal Additive 

Manufacturing was established. Today we know more than 18 different metal 3D printing processes, 

adding new ones almost every day. Many of these processes have their origins in long-established 

technologies such as build-up welding and metal injection moulding. Others are completely new 

technologies.[W4] While each has its benefits and limitations, all are united by the fundamental 3D 

printing principle of creating metal parts layer by layer [39]. An outline of the classification, based on the 

ASTM / ISO 52900 standards, of the different technologies for the manufacture of metallic additives are 

shown in Figure 3. Although it is true that these new technologies have emerged, that are not classified 

by these standards or there are methods that are the combination of two others and, therefore, are not 

easily classifiable. 

In general, AM techniques fall into two categories that include (1) methods based on metal fusion, such 

as direct energy deposition (DED), laser powder bed fusion (LB-PBF), fusion of electron beam (EB-PBF); 

and (2) non-fusion based methods such as extrusion, binder jet (BJ), material jet (MJ), and sheet lamination 

(SL). Each process has its own nuances with respect to the processable materials and the properties of the 

final pieces built.[13, 40, 41] 

Another way to classify the different metal printing technologies is according to the state of the raw 

material used. One of these types are AM metal processes that use a powder bed. Using a powder bed is 

a common method of producing parts through AM. The raw material of the final piece comes in the form 

of a powder, which spreads on the bed in a thin layer. The particles of one layer are joined forming a 2D 

figure and after this, the platform is lowered to proceed to the distribution of the next layer of powder 

and repeat the process layer by layer [42, 43]. After printing, the powder bed must be cooled to remove 

the non-fused powder from the container and clean the printed part. Within this group, there are 

techniques that, as mentioned above, are based on the selective fusion of the powder bed and other 

techniques in which the particles adhere by another agent. [W5,W6] 
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Figure 3. Actual metal AM techniques [W4]. 

As seen in the previous graph (Figure 3), eighteen different operating principles are currently known with 

more than 190 machines on the market, as will be detailed later (Figure 18). To successfully work with 

metal AM, you need to understand the printing process and its properties. In addition, design, process 

chain, and cost structure must be considered. 

It is true that it is difficult to find a unique way of encompassing and naming each technique. This is 

because new techniques are emerging each time that are based on new operating principles or a 

combination of two existing ones. In addition, some identical operating techniques with different names 

are presented. In this section an effort has been made to try to detail the main techniques of metal AM, 

taking into account the standard issued by ASTM Committee F42 on AM terminology[44]. 
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 Powder bed fusion (PBF) 

o Selective laser melting (LB-PBF) 

o Electron beam melting (EB-PBF) 

 Direct energy deposition (DED) 

 Sheet lamination (SL):  

o Ultrasonic additive manufacturing (USL) Figure 3. 

o Object Lamination Manufacturing Technology (LOM) 

 Metal Extrusion (ME) 

 Material Jetting (MJ) 

  Binder Jetting (BJ) 

 

2.2.1. Powder Bed Fusion (PBF) 

Metal Powder Bed Fusion (PBF) is perhaps the most established Metal AM. With this technique, the 

powder metal layers are distributed on the platform of a machine and selectively fused by an energy 

source such as a laser or electron beam. There are two categories: Laser Powder Bed Fusion (LB-PBF) and 

Electron Beam Fusion (EB-PBF). The first is also known under the following names: Selective Laser Fusion 

(SLM) or Direct Metal Laser Sintering (DMLS). 

As a curiosity, in the 90s, several companies were studying powder bed fusion technology using a laser. In 

1994, the EOS Company patented its process called Direct Metal Laser Sintering (DMLS); while in 1995, 

the Fraunhofer Institute introduced the term SLM to define the Selective Laser Fusion process. It is worth 

noting that SLM is currently also the name of a manufacturer of industrial 3D printers. Both processes are 

based on powder bed laser melting, although the term DMLS uses the word sintering. It should be 

understood that this is a mistake. The difference between sintering and fusion is quite simple: fusion 

involves a change of physical state through energy, going from a solid phase to a liquid phase; instead, 

sintering does not allow the metal to melt because the temperature used is not high enough. As a result, 

the metal particles clump together [W5]. This is why in this project it has been decided to name this 

technique as PBF.  

Many scientific papers study PBF because they are the most dominant technologies. According to the 

report by IDTechEx Research, LB-PBF has the largest installed base in the world. Specifically, according to 

the report made by IDTechEx Research, LB-PBF have the largest installed base worldwide. Specifically, LB-

PBF had 84% market share in 2016 and the remainder of the market is fragmented across the other four 

major technology types.[35, 45].These data may currently differ since in 2016 metal 3D printing 

technologies such as liquid metal deposition, polymer metal filament extrusion and electroplating were 

not commercially available. Currently, the new techniques mentioned above probably have a significant 
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market share, as they compete with the established 3D printing technologies in terms of process and 

specifications.  

The operation of both techniques is based on the fusion of metal particles applying a powerful laser 

selectively and linearly layer by layer. The main differences between LB-PBF and EB-PBF reside in the heat 

source used and the working conditions.[32] 

LB-PBF generally operates under an argon or nitrogen atmosphere at ambient temperature and pressure. 

This is to prevent uncontrolled oxygen corrosion of the metal powder and to maintain the proper 

temperature during the printing process. The heat source comes from a laser beam that is manipulated 

by a series of moving mirrors. The laser used is usually an optic laser fiber (200/400 W) [W5]. An important 

parameter is the intensity of the laser beam [46]. Due to the operation at room temperature, the thermal 

gradients are usually high and, therefore, the pieces must be subjected to a subsequent heat treatment 

to relieve stresses [47]. Below is the schematic diagram of the operation of the LB-PBF process and the 

components that make up the printing machine. (Figure 4) 

Generally, in this technique, the piece is usually attached to the tray using printed supports. These 

supports are not necessary since, like all powder bed techniques, the unused powder itself supports the 

parts. However, this technique is recommended to reduce the deformation and distortion phenomena 

observed at high processing temperatures. One way to remove such supports is by cutting or machining 

methods or wire electroerosion (EDM). [W5] 

This method has the advantage of lower porosity of the final parts with better mechanical properties, 

complex shape manufacturing capacity and excellent scanning efficiency. Furthermore, the parts can be 

easily processed in a short period of time, it is a flexible and precise process. The main challenge of this 

method is that the process is difficult to control due to the large number of parameters involved. 

The most widely used material in selective laser fusion has been stainless steel [48], mainly with austenitic 

grade 316L stainless steels and precipitation hardened stainless steels [49, 50]. Other suitable materials 

are aluminium alloys, titanium alloys, nickel-based alloys, cobalt and precious metals such as platinum or 

gold. Magnesium and carbides are not currently commercially available, although in the case of 

magnesium it is being processed in R&D environments. 

Selective laser fusion has wide application in the field of aerospace, medical, and automotive engineering 

due to the ability to control component stiffness in a desired model [51]. 
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Figure 4. Schematic diagram of Power Bed Fusion process (PBF) [43, 52]. 

On the other hand, EB-PBF relies on a high-powered electron beam to heat first and then melt the powder 

bed. The electrons are removed from a tungsten filament under vacuum and then accelerated and 

projected onto the layer of metallic powder deposited on the platform plate. The other difference is that 

you must work in a vacuum environment. 

In EB-PBF, since almost the entire powder layer is partially sintered before the part geometry melts, the 

construction temperature is close to the melting temperature of the material and results in on-site stress 

relief during the construction itself. The powder bed is generally heated to a temperature equal to the 

melting temperature of the material multiplied by a value factor 0.8. It is worth mentioning that the 

thermal gradients in the EB-PBF system can be manipulated to influence the texture of the material [53]. 

A drawback to this technique is that by using electrons, you are limited to using conductive materials. 

Without this, interaction between the electron beam and dust cannot occur. Even so, if the proper 

parameters are not used, the construction may fail due to the accumulation effect of electrostatic charge 

[54]. 

Today, EB-PBF technology mainly uses titanium and cobalt chromium alloys. The main manufacturer, 

Arcam, has restricted the range of materials and if the user wishes to use other materials, this company 

must first authorize said material. In terms of applications, EB-PBF technology is mainly used in the 

aeronautical and medical sectors, particularly to design implants. This is why the most widely used metals 

are titanium and cobalt-chromium alloy, due to their biocompatibility. [W7] 
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Some of the differences between EB-PBF and LB-PBF is precision, EB-PBF technology is less compared to 

LB-PBF. This is because the layer thickness in SLM/LB-PBF is thinner (between 20 and 100 microns) than 

in EB-PBF (between 50 and 200 microns) [55] In contrast, EB-PBF exhibits higher deposition rates, due to 

the fast speeds at which the electron beam can be manipulated [56]. An electron beam is very powerful, 

more than a laser. Therefore, EB-PBF is often used with high temperature metal super alloys to create part 

for highly demanding applications such as jet engines, gas turbines for the aerospace industry. Something 

to keep in mind when investing in EB-PBF is its high cost.  

In the table shown below (Table 2) the advantages of both technologies will be summarized, making a 

comparison between the LB-PBF and EB-PBF techniques. 

Table 2. Advantages of the respective PBF technologies 

LB-PBF EB-PBF 

 Higher dust level precision since the 
laser is narrower than the electron 
beam. 

 Preheating the powder before melting limits 
deformation, therefore reduces the need for 
reinforcements, and supports during manufacturing. 

 Greater manufacturing volume (at 
least double that of EB-PBF) and 
therefore the size of the pieces may 
be greater. 

 Higher manufacturing speed because the electron 
beam can be separated to heat the powder in several 
places simultaneously. Rather, a laser must scan the 
surface point by point. 

 

Columnar grain formation is common to PBF techniques in many materials due to the layered solidification 

of each part as it is built. This leads to the end piece having anisotropic properties, such as different tensile 

strength and fatigue depending on the printing direction. This is why many of the powder bed fusion 

techniques need post-processing to improve mechanical, dimensional, and aesthetic properties.[57] 

2.2.2. Direct Energy Deposition (DED) 

Direct Energy Deposition (DED) is a more complex 3D printing process, which is generally used to repair 

or add additional material to existing parts, although it is entirely possible to make models from scratch 

using this technology.  

Like SLM technology, this technology can often be called by different names, depending on its 

manufacturer, application, or specific method. One of these is the Electron Beam Additive Manufacturing 

(EBAM) method, created by the American company Sciaky. Other names by which they are known are 

Laser Designed Network Shaping (LENS) or Direct Metal Deposition (DMD). [W7, W8]  

The DED operation is based on melting the metal using a focused energy source (a laser, electron beam 

electric current or plasma arc) and at the same time depositing it through a nozzle on the platform. The 

nozzle is mounted on a multi-axis arm, usually four or five as it improves its stability and handling. The 
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metallic material that is fed to the nozzle is provided in the form of powder or wire. [58-61] You could say 

that, in a way, technology is on the border between extrusion of material and fusion of powder bed. 

 

Figure 5. Schematic diagram of Direct Energy Deposition. 

In the case of electron beam-based systems, the process must be performed in a vacuum to prevent 

electrons from interacting or being deflected by air molecules. Laser based systems require an inert gas 

atmosphere if working with reactive metals. You can also work with an air chamber but with controlled 

oxygen levels. In the same way, the solidification and cooling process occurs in a closed chamber in an 

argon atmosphere to prevent oxidation of the melt bath. [W7] 

This process allows the use of a wide variety of metals and alloys, almost any metal that is wieldable can 

be 3D printed with DED. For example, stainless steel, mostly of austenitic grades, and other metals such 

as titanium and its alloys, composite materials and materials with functional classification [62-65]. Much 

research related to DED technology has been carried out using stainless steel and / or stainless steel 

composite material, making a great effort to improve wear resistance and resistance property. It is true 

that there are still materials that are being developed such as aluminium alloys, steel maraging, copper 

and bronze. On the contrary, there are materials that cannot be used, such as carbides, since they are 

non-wieldable materials. 

It is worth mentioning that it is possible to use DED with ceramic and polymeric materials. Although this 

is not relevant to this project, the AREVO Company uses polymer DED with a carbon fiber filament to make 

lightweight composite parts for end use applications. [W9] 
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The wire used generally varies from 1-3 mm in diameter and the powder particle sizes are similar to those 

used in powder metallurgy processes, between 50 and 150 µm. [W8] 

The advantages of this AM technique compared to others will be explained below. 

 Production of large parts with minimal tooling requirement and relatively little post-processing. 

According to ASTM International, it has the capacity to produce parts with a construction volume 

greater than 1000 mm³. Another example is Sciaky's EBAM technology, which can produce parts over 

six meters in length. [W10] 

 Manufacture components with composition gradients, or hybrid structures consisting of multiple 

materials of different compositions and structures. 

 The cost of the materials used in DED is significantly less than that of the metal powders used in the 

AM metal powder bed. 

 In general, DED machines have high material deposition rates and therefore a high printing speed. For 

example, some DED processes can reach a speed of up to 11 kg of metal per hour. 

 Less waste of material than with the SLM and EB-PBF processes, because with DED only the necessary 

amount of material is deposited, and therefore there is no waste to recycle. In contrast to techniques 

using a powder bed, the powder is spread on the build deck and then, even though the unused powder 

is recycled, a large amount of dust is wasted. This results in efficient use of the material and cost 

savings. 

 Production of high-quality parts, dense and with mechanical properties as good as or better than 

those of compact or forged materials. 

 Hybrid manufacturing capabilities. This means that it is suitable for producing very complex metal 

parts faster and with greater flexibility because the deposition nozzle can be integrated into a multi-

axis machining system. 

 Serial production capacity and existence of a dedicated periphery. 

 Reproducibility is very good. The process is well controlled and only occasional defects occur. 

 The process can be controlled by sensors allowing a good quality control in process. 

Although a number of advantages have been previously exposed, this technique also has limitations that 

sometimes do not make it suitable for use. The main one is its high cost (over 500,000€), being little 

competitive with traditional methods. In relation to the obtained parts, these tend to have low resolution 

and a poor surface finish, so they require secondary machining that will add time and cost to the overall 

process. Furthermore, the pieces do not have supports and the technology does not lend itself to creating 

support structures, which limits the production of parts with certain geometries, for example, cantilevers. 

[W7] 
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DED has been successfully applied in various industries, including aerospace, oil and gas, defence, marine, 

and architecture. Aerospace manufacturers will increasingly use the technology to produce structural 

parts for satellites and military aircraft. Lockheed Martin Space, for example, recently rated Sciaky's EBAM 

process for building titanium fuel tank domes for satellites. Using technology, the company was able to 

reduce component production time by 87% and reduce delivery time from two years to three months. 

Another example is aircraft titanium parts for the Boeing 787 Dreamliner, manufactured by Norsk 

Titanium using its proprietary Rapid Plasma Deposition technology. [W7] 

Also included in this DED category are Joule Printing (Resistance Welding) technology, patented by Digital 

Alloys, that uses metal wire, which is placed into a moving feed system. Subsequently, the electric current 

circulates through the cable and subsequently to the printing bed together with the piece. The electric 

current melts the metal wire as the power system moves, and drops of molten metal form the part. It is a 

system similar to the electrospinning process. In this technique, it is important that the material is 

conductive. As it is a relatively new technology, it is not going to be detailed. 

2.2.3. Sheet Lamination (SL) 

Sheet lamination is an additive manufacturing (AM) methodology where thin sheets of material (usually 

supplied through a feed roll system) are joined layer by layer to form a 3D part. The bonding of the layers 

can be by adhesion or metallurgical bonding by brazing, diffusion bonding, [66] laser welding, [67] 

resistance welding [68] or ultrasonic consolidation. Due to all the joining possibilities, there are different 

LS technologies. Some examples are Laminate Object Manufacturing (LOM) and Ultrasonic Consolidation 

(UC / USL / UAM). [W11] 

Object Lamination Manufacturing Technology (LOM) is an additive manufacturing process developed by 

Cubic Technologies. This is a little used technique in metallic laminates because the layers of the metallic 

material must be covered with a special adhesive. A heat roller passes over the sheet of material on the 

build deck to fuse the applied adhesive and press the sheets onto the deck. Subsequently, a computer-

controlled laser or knife cut the material into the desired shape. [W11] 

In 2003, White developed an innovative foil lamination process in which the foils were joined by ultrasonic 

vibrations under pressure, also known as ultrasonic welding (USL) [69]. Despite the above, the date or the 

creator of this technology are not entirely true, since in 1999 a proposal of this technology emerged by 

the North American company Solidica. What is true is that currently, the USL process is one of the most 

widely used technologies in metal SL. Therefore, next, we will proceed to detail this technology. 

This technique works using ultrasonic vibrations (typically 20,000 Hz) that are applied to sheets of metallic 

materials, bonded under pressure, to create a solid-state weld because it works at low temperatures. 
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[W12]. A computer numerical control (CNC) milling machine outlines to create the necessary shape for 

each layer and thus remove any excess material.[67] (Figure 6)  

Metallurgical bonding is achieved due to these two events: on the one hand, adiabatic heating due to the 

high deformation rate, and, on the other hand, the movement of the grain boundary at the original 

interface during recrystallization [W12]. The study to achieve a good union has been carried out by Schick 

et al. [70], Dehoff and Babu [71] and Fujii et al.[72]. Demonstrating that the interfaces with a 

recrystallization grain texture presented a better metallurgical union. 

 

Figure 6 Schematic diagram of Ultrasonic Sheet Lamination  (AD: accumulating direction; VD: vibrating direction; 

RD: rolling direction) [73] 

USL can use a variety of materials such as paper, polymer, and metal, but each requires a different method 

of bonding the sheets of material. Because it allows the exchange of materials in the printing medium and 

that it works at low temperatures, it is possible to work with different metals with different melting 

temperatures, since the temperature is not a limiting parameter of the process and, therefore, allows the 

manufacture of composite materials. Working at low temperatures also allows you to create parts with 

cables or electronic components inside the part without damaging them.[74] 

It is said to work at low temperatures because the overall temperature rise throughout the construction 

is very low and the process temperature remains around room temperature [75]. Although, it is true that 

the process introduces a high temperature into the localized region of the interface (being able to reach 

up to 380 ° C during consolidation) [76]. 

In summary, the key advantages of this technique are its low cost, its fast printing speeds, and the 

possibility of creating inaccessible internal geometries and/or manufacturing large parts, the material does 



Introduction to the binder jet technology in additive manufacturing of metals. 

 

  21 

not present microstructural alteration during the process and is a flexible process. Another great 

advantage, which has already been mentioned, is the ability to print on different materials, such as 

aluminium and copper, two metals with different melting temperatures that are difficult to combine in 

the same piece with other technologies.[47] USL is one of the least accurate AM methods with a poor 

surface finish. Geometric precision in the Z direction is difficult to obtain due to the swelling effects.[77]  

The anisotropic properties prevail in SL constructions due to the type of bonding processes. Finally, it is 

worth mentioning that it is one of the few AM methods that produces a considerable waste of material. 

Another drawback is that the process cannot manufacture complex overhangs as no support material is 

deposited to provide mechanical support. 

Manufacturers use it as a fast, low-cost way to 3D print non-functional prototypes, casting moulds, and 

other simple designs with easy-to-handle materials for applications in the aerospace and tool design 

industries.[78, 79]  

2.2.4. Metal Extrusion-based additive manufacturing (ME) 

Extrusion-based metal 3D printing works similarly to fused deposition modelling (FDM). Pellets or a 

thermoplastic filament are heated and extruded through a nozzle, layer by layer creating a piece in a 

"green state". This green body must be further processed: deburring to carbonize and remove the binder 

polymer and subsequent sintering to obtain a metallic solid body with certain mechanical properties. 

(Figure 7) 

The feedstocks are mixtures of a polymeric binder (40% to 60% by volume) and a solid fine-grained metal 

powder. In the case of pellets, the metallic powder is enclosed or covered by the polymeric material. 

Like the operation of an extruder, the material is pushed into a hot nozzle by one of the following possible 

mechanisms: the controlled axial movement of a piston inside a heated barrel, or the controlled axial 

rotation of a worm screw inside a barrel heated, or controlled rotation of two feed endless rollers. If you 

work with a filament, it can be heated by a laser, very similar to the DED technique. [80] 
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Figure 7. Schematic diagram of Metal Extrusion-based technique. 

With this method, complex 3D parts with certain mechanical properties can be manufactured simply and 

accurately. In addition, it can be considered that it is an affordable technique because it uses the same 

materials that they use in metal injection moulding (MIM). As this is an advanced and highly studied 

technique, the materials are significantly less expensive than the metallic powders used in powder bed 

processes. The drawbacks of this additive manufacturing technology include poor surface finish, time-

consuming and high porosity of the manufactured parts. 

It was in 1995 when the Fraunhofer IFAM designed a rapid prototyping system, from a mixture of 

powdered binder that is extracted through a computer-controlled nozzle [81]. Then in 2015, the 

Politecnico di Milano developed a 3D printing machine for MIM metals and CIM ceramics, based on the 

extrusion of pellets with a stationary piston-based extruder on an inverted Delta Robot table [82]. After 

this event, some of the current commercial providers of this technology for metallic applications emerged, 

such as ExAM by AIM3d, Metal X by Markforged, and Studio System by Desktop Metal. These last two 

companies are the most prominent in the manufacture of parts by extrusion of metal filaments.  

2.2.5. Material Jetting (MJ) 

Material Jetting is a process that is based on inkjet, which is made up of metallic particles suspended in a 

photoreactive fluid material. This technique has been used in polymers, receiving the name of 

stereolithography. It was the first commercial AM method used to create a layer of solidified material 

using ultraviolet radiation to selectively polymerize a curable resin [83]. 
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Figure 8. Schematic diagram of Metal Jetting process. 

Currently, the Israeli company, XJet, has developed a new metallic inkjet technique that can achieve a high 

level of detail and finish, known as the NanoParticle Jetting ™ (NPJ). As the ink is deposited, the heated 

chamber causes evaporation of the liquid phase of the ink to leave only the metallic particles. The particles 

have a small layer of bonding agent, allowing them to bond with each other. Once printing is complete, a 

subsequent sintering process is required.[84] 

Its advantages include high construction speed and flexibility. The main disadvantages are the high cost of 

materials and process errors due to over-curing. 

This technology can be used for both functional prototyping and on-demand fabrication of small and 

medium metal components. 

2.2.6. Binder Jetting (BJ) 

The additive manufacturing technique by binder injection (BJ) is defined by ASTM F2792 as, “An additive 

manufacturing process in which a liquid bonding agent is selectively deposited to bond powder materials.” 

Originally, BJ was known as “3D printing" or "ProMetal" technology [85-87]; however, in 2013, the ASTM 

committee established the terminology for AM technologies and changed the name of the technology to 

"binder injection" [44].  
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Over the decades, many studies have been conducted on fusion-based AM (for example fusion and 

solidification) in structural materials [13], ceramics [88], polymers [7, 89], biomaterials [90-93], functional 

materials [94] and microfabrication [95], however, in comparison, there have been a limited number of 

published works with reference to BJ, and most of the published works have mainly presented studies of 

microstructure and density of pieces[96]. However, when compared to other methods of AM, BJ is 

developing rapidly, allowing reaching a state of maturity (in reference to knowledge) very soon. This rapid 

advance is due to the vast history of research and knowledge of the process that has been carried out and 

developed in traditional manufacturing through powder metallurgy (PM) and the sintering process that 

can be directly used in the consolidation of materials in powder formed with BJ. However, much work is 

still needed. 

As a curiosity, it will proceed to narrate a series of events related to BJ arranged chronologically. BJ's 

technology was initially developed at the Massachusetts Institute of Technology (MIT) and was patented 

in 1993 by Emanuel Sachs, who developed the process using ceramic powder and a glycerine binder 

deposited through thermo-bubble inkjet heads [97]. The technology was marketed by Z Corporation, who 

dubbed it as the "3D Printing" and developed the ability to print in full colour [98]. They also introduced 

the use of metal powders [99]. In 1996, Extrude Hone was authorized to start producing metal parts with 

BJ technology. In 2005, the ExOne Company split with Extrude Hone, focusing on the use of bronze-

infiltrated stainless steel [100]. 

As this project focuses on this type of AM technology, a more detailed description of the AM process, of 

the materials used, and their machine manufacturers, among other aspects, will be made. 

2.2.6.1. Printing process 

BJ technology can be said to be similar to printing on paper because it involves the use of one or more 

print heads. The print heads move on the build platform, dropping droplets of the binding agent onto a 

bed of metal powder, leaving the particles adhered creating the part. After deposition of the binder, 

external heat is applied to the entire surface area of the printed layer to partially cure the binder and to 

ensure adequate mechanical strength for subsequent printing steps. This process is repeated for each 

layer until the printed part, called the "green body", is obtained. These green bodies possess limited 

strength and require further processing such as sintering and, optionally, infiltration of a second metal to 

achieve the desired mechanical performance. [101] 
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Figure 9. Schematic diagram of the Binder Jetting process [23]. (a) Distribution of the powder layer, (b, c) printing 

of the binder on the powder bed and then spreading a new layer of powder, (d) oven-cured; (e) 

cleaning of the pieces and lastly (f) infiltration or (g) stripping and sintering in a controlled 

atmosphere. 

 

As mentioned, the process can be divided into the following stages: printing, curing, sintering or infiltration 

and final finishing (Figure 9). Each of these stages consists of a series of considerations, which will be 

discussed below. 

2.2.6.1.1 The printing process. 

The following steps must be followed in order to manufacture the green part[102]: 

First, a thin layer of metal powder, supplied previously, is spread over the build platform, constituting the 

printing area known as the bed. The way of supplying and spreading the powder differs according to the 

manufacturer. A lifting platform or a gravity-fed hopper tank can be used as the delivery system [103]. 

Likewise, a dispersion system, named coater, is used to slightly spread and compact the powder layer. For 

example in Powder Bed Fusion (PBF), a blade is used, but a comb or counter-rotating roller can be used. 
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The latter promotes the fluidity of the powder. [104]. It is important that this system produce an even, 

smooth and aligned layer, in addition to not compacting the powder excessively. 

Then a liquid binder (usually a dissolved thermoset polymer or aqueous solution) is injected from the print 

head onto the powder layer [105]. The binder saturation is calculated based on the estimated density of 

the powder bed and is used as input by the user. The injection techniques used are those that can be 

found in a common printer. 

After depositing the binder, an electric heater passes over the powder bed. This process is called partial 

curing of the binder. In addition to curing the thermoset, it also serves to dry the powder bed and prepare 

it to spread the following layer. Curing time after the printing of each layer is an important factor in that 

sufficient drying time is required to allow the binder to fully bond with the powder to prevent cracking of 

the powder bed or agglomeration and adhesion of dust on the roller surface during printing. A much-used 

heater are infrared ray lamps. 

After drying, the build platform piston drops, reducing build-up at the height of a layer, which generally 

ranges from 50-200 µm. Following this, the coater again spreads a new layer of powder over the bed from 

the powder supply site.[105] 

2.2.6.1.2 Printed parts curing  

After printing, post-curing is required to dry the binder and give the printed powder its "green" strength. 

To do this, the “build box” containing the powder bed and the printed parts are moved to an oven to cure 

by heating at 180–200 ° C for a concreted number of hours (usually taking 6 to 12 hours) depending on 

the volume of the construction box and the characteristics of the binder [106]. For example, Watters et 

al. proposed a specific cure protocol that includes vacuum, heat, visible light and pressure to improve the 

resistance of the pieces [106]. After curing, the green parts have enough strength to be handled and 

transferred to the densification oven. In this step, loose dust in the build box is removed by vacuuming 

and careful manual brushing by an operator. Sometimes a low-pressure air gun is used for parts with a lot 

of detail. Admittedly, curing requires little operator involvement, but it is still an additional step in the 

process that manufacturers are working to avoid in the future. Cleaning must be done carefully to avoid 

breaking the pieces. 

In a process derived from BJ, the curing step is omitted since the entire bed is cured simultaneously and 

the green part is machined in the initial drying and curing stage. 

After curing, densification is carried out by sintering or infiltration with another material to achieve full 

density and desirable mechanical properties. Nevertheless, before densification, the printed parts will be 

removed from the powder bed and cleaned. Cleaning unused dust adhering to the part is generally the 

most stressful step for the operator, as a potentially heavy dust bed must be lifted, brushing the surface a 
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little bit aggressively to remove highly adhered dust, but with extreme caution not to interfere with the 

quality of the piece in green. 

2.2.6.1.3 Sintering and/or infiltration: 

The density of the green part after curing is typically in the range of 50-60%. If viewed under a microscope, 

the individual dust particles are bonded with the polymer at the contact points with other particles. These 

pieces do not have the desired mechanical properties, which is why they must be densified. Densification 

can be achieved from various methods, such as infiltration [107] or sintering [105, 108]. Regardless of the 

densification method chosen, an exhaustion step at ~ 600–700 ° C is required to fully pyrolyze the binder 

before proceeding with sintering or infiltration. 

The appropriate part densification process must be defined taking into account a series of factors. For 

example, in sintering different factors such as material composition, powder size, sintering atmosphere, 

temperature, and retention time should be considered [109]. Since each material has specific sintering 

characteristics, to facilitate and obtain good results, it is advisable to use mixed powder with various sizes 

of powder and/or coated particles [110, 111]. A possible process for the sintering of some base metals is 

usually∼1100 ° C for 24–36 hours, reaching a final density between 60 and 70%. [W13] 

On the other hand, infiltration is usually used with ceramic powder, using metal as the infiltrated material. 

This is because ceramics have significantly higher sintering temperatures and a lower densification 

potential compared to metallic powders, and therefore infiltration is the most optimal strategy. [112, 113]. 

Infiltration occurs when the partially sintered material is contacted with a molten bath of a second 

material with a lower melting temperature than that of the sintered material. This allows the liquid metal 

to infiltrate the structure provided by capillary action to form a denser part. Bronze infiltration of stainless 

steel can achieve a final density of 95%.[W13] Infiltration is not unique to Binder Jetting but is a common 

method for commercial production. 

Some of the factors to take into account when choosing one of the densification processes are the design 

factors. If the part is required to meet certain tolerances and precise dimensions, the technique to be used 

is infiltration. Infiltration generally produces highly accurate dimensions, while the sintering of simple 

alloys results in highly deformed geometries. However, there are alternatives such as consolidation. 

Consolidation is an alternative process for infiltration. The process works by distorting the design of the 

part geometry to accommodate uniform shrinkage during sintering. This designed distortion is not entirely 

controlled and therefore the result may not be as expected. 
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2.2.6.1.4 The finishing process: 

After sintering, a series of processes must be carried out to achieve the desired standards. For example, 

the average roughness of parts obtained using BJ is traditionally around 6 µm (Ra) after sintering, and 

therefore post-processing to improve surface finish is a very common practice [17]. The most common 

techniques to improve surface finish are shot blasting and drum polishing; however, plating, machining 

[114], extrusion polishing [115], surface infiltration [116] and manual polishing are also used. Shot blasting 

can reduce surface roughness to a maximum of 7.4 µm, while tumbling polishing can result in an average 

roughness of 1.25 µm[41]. 

2.2.6.2. Materials employed 

Compared to other melting metal AM methods, the BJ technique has received less attention in the 

research community and industry. Since the 1990s, various companies and institutions have worked and 

collaborated to develop and improve the metal BJ process. Much of the research focuses on material 

development: high utility alloys such as Inconel, stainless steel, and tool steel. In general, although the 

selection of BJ material is currently limited in terms of commercial availability, there is increasing use of 

parts made by BJ. 

2.2.6.3. Advantages and disadvantages 

The important characteristics to optimize in AM processes are the maximum size and complexity of the 

parts produced the production times, and the qualities of the parts, such as dimensional precision and 

defects in the final product.  

The advantages that make this technique attractive at an industrial level are presented below. On the 

contrary, the known weak points of this technique and how a solution or improvement is being sought 

will also be exposed. 

A study has shown the advantage of binder injection over its PBF counterparts in terms of performance 

and operator load [117]. Overall, the study showed that the batch processing strategy made employed in 

BJ is better than in PBF technologies. Furthermore, by avoiding the use of expensive vacuum or inerting-

sealed chambers, the construction volume of BJ machines is currently one of the largest (up to 2200 x 

1200 x 600 mm). The ability to produce large volumes of parts more cost-effectively than other AM 

methods and faster print speed are the reasons why the BJ has high production rates. 

In relation to temperature, the BJ technique has different advantages over other AM technologies. For 

example, since the shaping process occurs under atmospheric conditions (ambient temperature) and 

without the use of an aggressive external heat source, problems related to oxidation, residual stress, 

elemental segregation, and phase changes are avoided [118], making unused dust around the printed part 
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being highly recyclable. Another advantage is that a relatively uniform thermal profile is induced 

throughout the printing part, which lends itself to produce materials with equiaxial grains. This results in 

the printed parts having isotropic materials properties. This ability to produce similar microstructures is 

one of the main motivations for advancing and researching BJ as a candidate for mass adoption in 

conventional manufacturing. 

Some other advantages of the binder jet are: 

High resolution on printed parts, the same as inkjet on paper. BJ enables complex objects to be 

manufactured with less waste, less delivery time, and more variety. This is corroborated by ExOne, which 

manufactures high-volume custom metal geometries for Shapeways and other customers. [W14-W15] 

Furthermore, compared to fusion-based AM, various densities with controlled porosity in terms of shape 

and size can be achieved by modifying the inkjet parameters and sintering time. The possibility of 

manufacturing parts with a controlled internal porosity gradient is due to, as reported by many 

researchers; a greater contraction was detected in the z direction, which could have had more porosity 

between the layers than within the same layer. Thanks to this, parts with custom heat transfer properties 

or fluid permeability can be manufactured along the same part. However, the surface finish is in line with 

many PBF processes. The surface finish of the parts after annealing is indicated at 15 µm [Ra], and further 

processing is reduced to reduce the roughness to 1.25 µm [Ra] .[W13] 

In some AM processes based on the fusion of the material, support is required to stabilize the part and 

adhere it to a building plate and, therefore, requires more time and material. On the contrary, in the BJ 

process the part is supported by loose powder in the work box, thus not requiring a support structure for 

any part geometry during printing. 

Unlike PBF technologies, BJ is compatible with virtually any powder material and therefore offers one of 

the widest material ranges of all AM processes [85]. Although it is true that many of these materials are 

still under development. 

Last but not least, it is worth noting the lower price of the machines since, as mentioned, they work in 

atmospheric conditions and do not require the use of a highly powerful heat source. 

 

On the other hand, a drawback is the limitation of the mechanical properties due to the porosity of the 

final pieces. Porosity is an important concern with BJ parts since BJ is essentially a powder metallurgy (PM) 

process and in addition, by pyrolyzing the binder, trapped gas can remain. That is why the final sintering 

process is so important since it will serve to weld the dust particles and promote the diffusion of the 

alloying elements, using a solid-state diffusion mechanism.  
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The main drawbacks of binder injection include: 

 BJ is a multi-step process that requires post-processing steps (curing and densification). Post 

processing strategy development is still necessary for most materials, making the BJ process more 

expensive. 

 Printed parts show a lower relative density (~ 50-60%) compared to PBF processes, and the 

densification of this state generally produces a significant distortion of geometry. 

 Unfortunately, the most significant aspect of the BJ process that currently limits this potential is 

the inability to predict a large amount of distortion that occurs when sintering individual alloys at 

full density, which reduces the overall precision of the process [119]. However, computational 

tools are currently being developed to address this problem [120]. 

2.2.6.4. Applications 

Despite the drawbacks of the process, the excitement of using BJ in structural materials, biocompatible 

materials, composites, and functional materials is not only not moderating but is increasing with each 

passing day. 

As technology improves, their interest in various applications across different industries grows. Recently, 

BJ has been used for different applications (using different materials such as polymers, metals or 

ceramics), such as electrochemical energy storage [121-123], electronic devices [124, 125], food 

technology [126-128], solid oxide fuel cell [129], moulds for sand casting [130-140], waveguide circuits 

and antennas[137, 141, 142], concrete construction [143-148], bio-based renewable materials [149], 

ceramic scaffolding [150-154], biopolymers [155-160], sandstone production [161-163], and biomedical 

applications and drug administration [164-171] 

It should be noted that some of its applications are due to the ability to produce porous parts, such as 

parts for energy management, light structures, biomaterials, etc. Binder injection has been used to 

develop a wide variety of different biomaterials (stainless steels and titanium) as a feasible solution for 

the development of porosity components and controlled bone tissue. Ziaee et al. [172]. 

2.2.6.5. Machinery manufacturers. 

The main companies that produce commercial binder injection 3DP machines are: 

ExOne Company (Irwin, PA), which is currently the leading manufacturer of BJ 3D printers for applications 

with different build volume and speed of 160 × 65 × 65 mm3 and 120 layers per hour (Innovent printer) at 

1800 × 1000 × 700 mm3 and 60–85 layers per hour (S-Max printer) [W16]. The BJ Printer Inconel 625 has 

been recently developed for the manufacture of metal parts. In addition, it offers the widest range of 

materials from all equipment manufacturers, including 316, 420, and 17-4PH stainless steel, 625 and 718 
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nickel super alloy, iron, iron-chrome-aluminium, chromite, cobalt-chrome, zircon, bonded tungsten, 

tungsten carbide, ceramic beads, and silica sand. This wide range of printers demonstrates that BJ is a 

scalable technology that does not require a closed chamber and high-performance characteristics thanks 

to inkjet printing technology [173]. Specifications for some of these machines can be found in Gibson et 

al. publication [174]. 

HP Printing and Computing Solutions (Palo Alto, USA) is a company that, using BJ technology, is working 

to overcome the current limitations of 3D printing in the serial production industry, competing with 

common manufacturing techniques. For more than 30 years, HP inkjet technologies have been leaders in 

the printing market. It was not until 2014 when HP started working with the revolutionary 3D printing 

technology they had created. Initially they began to develop a polymer 3D printer, the technology was 

known as HP Multi Jet Fusion. Because HP is an ink expert, this technology relied on the printing of droplets 

of functional liquid agents on a bed of polymer powder. This is how HP took advantage of extensive 

experience in printing and imaging to enter the 3D world, manufacturing highly functional parts with high 

benefit. [W17]  

It was not until 2018 when HP created its first BJ machine for metals, Metal Jet. HP digital printing 

technology for metals offers the ability to quickly and cheaply produce high-value, industrial large-scale 

runs. The printing process (Figure 10) is the same as that explained in the previous section. The differences 

with other commercialized MBJ machines are that it uses a patented binder developed with the help of 

HP Latex ink technology; the binder removal process is done inside the printer; and it has a large number 

of print heads (HP Thermal Inkjet). Additionally, Metal Jet uses metal injection moulding (MIM) powders 

and is capable of producing isotropic parts that have ASTM issues. All this allows the process to be faster, 

cheaper and much easier. [W17] 
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Figure 10. Schematic diagram of HP Metal Jet printing process [W18]. 

Other advantages of HP 3D Metal Jet are [W18]: 

 Multiple pieces produced at the same time, or large pieces, in a powder bed with a print volume 

of 430 x 320 x 200 mm (16.9 x 12.6 x 7.9 in). 

 Parts can be freely placed on multiple levels in the powder bed to optimize packing density, 

productivity and cost. 

 No build plate required, compared to Selective Laser Fusion (SLM). 

 Low-cost, high-quality end pieces are obtained for mass production of up to 100,000 pieces. This 

technology enables 50 times more mass production in terms of productivity and a cost reduction 

of 50% compared to selective laser fusion (SLM) and other competing BJ machines. 

 1,200 x 1,200 dpi (dots per inch) addressing capability in a 50-100 µm thick layer. 

 Finished parts with isotropic properties that meet or exceed ASTM and MPIF standards. 

 High reuse of materials can reduce cost and material waste without compromising part quality. 

Compared to SLM and based on internal testing of HP Metal Jet technology. 

 Density after sintering greater than 93%, similar to MIM. 

 The HP Metal Jet machine sells for less than $ 399,000 USD. With this price, the American 

manufacturer positions itself in the niche of industrial machines such as 3D Systems, EOS or 

Arcam. However, it is true that at a price level, this is far from being Desktop Metal and 

Markforged, which offer very low-cost equipment. 
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Figure 11. Photo of the HP 3D Metal Jet printer. Image shown may differ from actual product [W18]. 

Voxeljet Technology (Augsburg, Germany) has a sand base system for metal casting and a PMMA based 

system for plastic parts. Z Corporation (Burlington, MA, known as 3D Systems since 2012),  Digital Metal 

(Bruksgatan, Sweden), Desktop Metal, General Electric (GE), and 3DEO have proposed other systems. 

 

2.3. Parts finishing processes 

The metallic pieces obtained using the AM techniques require to be post-processed to improve the quality 

of the metallic piece: the mechanical properties, the dimensional precision or / and the aesthetics.[13] 

Below we will talk about some techniques or processes carried out to achieve the desired specifications 

after printing the pieces. 

One of the first processes to perform after printing is to remove the part from the build deck. To remove 

excess material, it is carried out by means of electric wire discharge machining (WEDM). WEDM involves 

creating electrical arresters, releasing sparks that quickly cut through the material. Although the process 

is relatively slow and is used only with electrically conductive metals, it leaves a clean and smooth surface. 

Admittedly, there is another, faster method, bandsaw machining, but it is less accurate. 

All powder bed processes need post-processing to remove dust that is both adhered to the surface of the 

printed parts and dust trapped inside the parts if necessary. In the first case, dust can be removed 

manually or with automated equipment. In the second case, you must design a way to escape the dust, 

either in the part design step, take this into account and draw two holes through which to evacuate the 

internal dust.  
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If the AM technique needs to add supports in the part design, once the printing process is finished, it will 

be necessary to remove the added supports. The most common way to remove supports is by CNC 

machining. Powder bed fusion technologies such as SLM and DMLS are the ones that require supports as 

the parts need to be anchored to the motherboard. In addition, the supports will serve to mitigate the 

effects caused by residual stresses and minimize defects such as deformations or cracks resulting from 

high processing temperatures. 

A problem with most of the parts manufactured by AM's techniques is that, due to the high temperatures 

and the speed and little control of the cooling, the parts have residual stresses. For this reason, it will be 

necessary to subject the pieces, the pieces produced from a powder bed, to a post-processing to alleviate 

the residual stresses of the pieces and thus avoid possible deformations. The number of stress relief cycles 

depends on the metal or alloy used to produce a part. One of the drawbacks or possible problems that 

can arise in this process is oxidation, therefore the heat treatment should be carried out using an inert gas 

atmosphere, typically argon is used. In the thermal cycle, the entire platform is placed in an oven, where 

the part is heated to a temperature range between 550-675 ° C, depending on the metal, for 1 to 2 hours 

and then slowly cooled. Stress corrosion cracking can also be reduced through this stress relief process. 

Another possible post-treatment is the heat treatment known as hot isostatic pressing (HIP), which helps 

to obtain the optimum microstructure and mechanical properties, and can be compared with cast and 

forged alloys. It is about applying high temperatures (up to 2,200ºC) and isostatic inert gas pressure (from 

100 to 3,100 bar) to the pieces to achieve the highest possible density, reduce porosity and eliminate 

internal voids. This process can consist of natural cooling that takes between 8 and 12 hours or rapid and 

uniform cooling, which allows parts to cool from 1,260 to 300 ° C in less than 30 minutes. Another way to 

increase the density is to infiltrate the voids in the part with a molten bronze bath. This process 

significantly improves the mechanical properties of the metal part. For example, bronze infiltration of 

stainless steel can reach a final density of 95%. [W17] 

Surface finishing is a very common operation performed after printing. With this process, you want to 

obtain a surface with specific characteristics, for example a smooth finish. There are several common 

surface finishing techniques, including machining, sandblasting, media blasting, and polishing. Polishing is 

used to achieve a 'mirror' finish, which is required for other surface treatments, to avoid corrosion and 

improve the appearance of the part. Abrasive blasting (sandblasting, bead blasting and media blasting) is 

used to achieve a smooth surface. 

2.4. Industrial applications 

Metal AM technology was originally considered a process for rapid prototyping. Today this technology has 

extended in many other areas. From prototyping to manufacturing of industrial parts of small batch or 
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large-scale manufacturing. Admittedly, this technology is not yet ready for mass production of identical 

parts today. However, it is not ruled out that such a goal will be achieved in the future. 

Typical applications of metal AM can be grouped into the following groups: 

 Production of prototypes or products that are in the development phase. 

 Production in short series, being a substitute for expensive traditional procedures. 

 Production of pieces of high geometric complexity. 

 Serial production of parts in the medical, automotive, and aerospace industries. [24]. 

 Some current examples where metal AM technology has been used with great results are shown below. 

The aerospace industry has pioneered the use of metal 3D printing. It has been used for different reasons 

such as obtaining functional prototypes, the manufacture of tools, spare parts, aircraft structural 

components or to obtain lighter parts with specific geometries. [W19] An example of a company in the 

aeronautical sector that makes use of 3D metal printing to manufacture its products or part of them is 

General Electric (GE). More specifically, GE Aviation produces fuel nozzles for the LEAP family of jet engines 

using Electron Beam Melting (EB-PBF) technology. In 2018, they printed 30,000 nozzle, which consists of 

a single unit, 25% lighter and 15% more efficient than those produced using traditional techniques. [W20] 

The same company has also tested 3D printing over a third of a new advanced turboprop engine. All parts 

were printed at GE Aviation's Additive Technology Center (ACT) in Cincinnati, which is one of the largest 

and most advanced additive manufacturing factories in the world completely amazed. [W21] 

 

Figure 12. Parts manufactured by the company GE using metal 3D printing technology. 

Another of the industries is automotive, where we find well-known automobile manufacturers such as 

Ford Motor Company. Automotive companies can use 3D metal printing to create lightweight metal parts, 

improving vehicle performance and reducing fuel consumption. Another area of interest to the industry is 

also using 3D printing to produce replacement parts that are normally produced in low volumes. Below 
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are some examples of these companies and some of their applications. For example, the company BMW 

is making use of 3D printing for the serial production of a component of its 2018 BMW i8 Roadster vehicle. 

Specifically, it is an accessory for the folding / unfolding mechanism of the soft top of the vehicle and has 

been manufactured using aluminium alloy powder (AlSi10Mg). The company has verified that the 

requirements for extreme strength, stiffness and temperature are met. Audi presents a different business 

case for 3D metal printing. In this case, the German automaker is using the technology to produce smaller, 

more complex, low-demand replacement components. A good example is the Audi W12 engine water 

adapters. [W22] 

3D printing is also being widely used in the medical field, since it allows the customization of materials, 

such as orthopedic implants or dental implants [175-178]. For example, implants can be designed with 

better porosity and surface texture, facilitating tissue growth around the implant. SmarTech Publishing 

predicts that more than 2 million implants will be 3D printed on metal by 2025. [W23] 

Lima Corporate uses Electron Beam Melting (EB-PBF) technology to manufacture biocompatible titanium 

hip implants in solid cellular structures that resemble natural bone. These structures are used to cover an 

implant, allowing it to better integrate with human tissue. [W24] 

But there are not only applications in these areas, also in the manufacture of equipment or tools, such as 

the manufacture of moulds. The technology enables rapid design iterations, allowing changes to be made 

with relative ease. Another advantage is the possibility of a more complex design, being able to improve 

the shaped cooling channels.[179, 180] GW Plastics 3D prints injection moulds with conformal cooling 

using hybrid metal. The company itself says that 3D printed moulds can save up to 30% of cycle time by 

reducing cooling time [W25, W26].  

 

2.5. The current market for metal 3D printing machines.  

Currently there is a great interest focused on 3D printing technologies, and because of this, you can find 

numerous annual reports of market research, the scope or predictions related to this technology. Some 

examples are reports made by SmartTech Analysis or Wohlers. [W27-W30]. These additive manufacturing 

market analysis reports conclude that the global additive manufacturing market is growing, reaching a 

value of over $ 10 billion in 2009. Many of these global estimates exclude money spent on AM 

development from big companies like Airbus, Adidas, Ford, Toyota, and hundreds of others. They also 

exclude more than $ 1 billion in venture capital and other private investments in AM-related companies. 

Therefore, the above estimate of global revenue only includes the purchase of industrial systems, desktop 

3D printers, materials and parts from service providers. 
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Figure 13 Global Additive Manufacturing Market Outlook (millions $) by SmartTech Analysis [W27] 

"2020 Additive Manufacturing Market Outlook and Summary of Opportunities" [W27] report provides 

information on AM's market size, trends, growth, cost structure, capacity, revenue, and forecast for 2029. 

The report provides for international markets, as well as development trends, competitive landscape 

analysis, and the state of development of key regions. Development policies and plans are discussed, as 

well as manufacturing processes and cost structures. This report is a comprehensive quantitative analysis 

of the AM industry and provides data to develop strategies to increase the growth and effectiveness of 

the AM market. 

Several factors are driving the growth of the industry, making it difficult to keep track of the companies 

and trends driving 3D printing. 

The company AMFG Autonomous Manufacturing, has launched a second time a technical infographic that 

offers a clear understanding of the current AM ecosystem and key trends. According to this AMFG study, 

this year there are 238 companies within the AM panorama (Figure 18).  

As in the Smart Tech report, the landscape is divided into different segments (Figure 18): 

 Software providers (Design and simulation, Slicer and data preparation, Workflow and MES, 

Security). 

 Post processing system manufacturers. 

 Research institutions. 

 Material suppliers (polymers and compounds, metals). 

 Hardware manufacturers (polymers, desktop, metals, composites, ceramics, electronics).  

This last segment represents more than half of the AM market, hoping that it will increase in future years 

due to the great interest in the development of new systems. According to a Forbes magazine article, the 
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AM industry in 2019 received 77 early-stage investments valued at $ 1.1 billion, most of which went 

towards hardware development. 

 

Figure 14. A breakdown of the AM landscape, featuring the hardware, software, materials, post-processing 

system, QA and process inspection categories. AMFG Report Updated 05/27/2020[W31]. 

 

If the topic focuses on metal AM technology, it is discovered that of all the segments, the manufacture of 

metal printers represents 22.5% of the general panorama, being the largest segment. It is true that some 

experts point out a slight decrease in sales of metal 3D printers in 2019, however, as Figure 13 shows, this 

segment is expected to recover in the long term. [W32, W33] 

The metal 3D printer market is largely dominated by powder bed fusion AM methods (Figure 15), 

corresponding to the overall AM hardware manufacturing landscape (Figure 19). This image shows the 

different producers of AM machines classified according to the AM technology categories according to the 

AMST standard. 

Although the metal fusion technique is still the most widely used, it is worth noting the strong drive 

towards the development of machines that use binder jetting. These are usually cheaper, faster machines 
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and have a wider range of materials. One of the leading providers of binder injection printers for metal 3D 

printing is ExOne, although it is accompanied by Digital Metal, GE, Desktop Metal, and HP. These last two 

in particular have a strategy to make this technology compete with traditional metal fabrication, such as 

forging or casting. 

 

Figure 15. The number of 3D printer models per technology market in 2019 [W34] 

Knowing all these facts, it will not be surprising if, in the future, this technology came to dominate the AM 

machine market. It is true that for this to happen, the technology must reach an adequate maturity index. 

Figure 16  shows how the different AM technologies are found with respect to this maturity index. 
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Figure 16. AM Maturity Index 2020. AMPOWER [W35] 

In reference to the range of 3D printing materials, according to the Senvol database [W36], the number 

of AM materials is increasing, although the cost of these continues to be a key barrier to the widespread 

adoption of AM techniques. Although in the manufacture of machines the segment related to materials is 

the largest, in terms of materials, it happens the opposite. Polymers are the most popular materials and 

this is due to the lower cost of production. Even so, in 2019, the market for metallic materials for AM 

(powder and wire) reached a sales number of 5,227 tons. According to the AMPOWER report, it is 

expected that this will continue to grow with an annual increase of 29.3%. (Figure 13). The most widely 

used metallic material is Ti-6Al-4V titanium alloy because this alloy is used in biomedical and aeronautical 

applications. These companies make most use of AM technologies.  
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Figure 17. Material consumption 2019 and forecast 2024 [tons] [W35] 
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Figure 18. Additive Manufacturing Landscape 2020 (AMFG Report Updated 05/27/2020) [W32] 
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Figure 19. Metal AM techniques and their manufacturers in actual market. [W4]
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2.5.1. The impact of the COVID-19 pandemic to the Metal Additive Manufacturing market. 

At the end of 2019 and the beginning of this year 2020, the disease known as COVID-19 was discovered, 

becoming a global pandemic. This global outbreak of the coronavirus virus led to the total or partial 

blockade of industrialized countries and a ban on travel between them. In the last days, there are many 

analysts who study current and future situations. In relation to the development of the metal AM market, 

these reports ensure that, in 2020 and the following years, the development of AM will be directly 

affected. 

During the days of the health crisis, quick, unconventional, and solidary help was obtained from many 

users and R&D departments to manufacture face shields, breath masks, or respirator parts. This 

demonstrated the enormous potential of AM, allowing for flexible and fast production. The reasons that 

most of these applications were printed with polymer AM technologies are the high requirements and 

necessary certifications. The metal AM industry was unable to cope with reaction times as fast as times 

used by polymers technologies. This is why in this crisis it has been shown that standardization and 

certification are currently a major challenge for 3D printing. 

These extraordinary times have exposed some advantages over the 3D printing industry, making even the 

most sceptical people about the use of such technology give it the value it deserves.  

For example, one of the key things that the current crisis has shown is that these technologies can be used 

for volume manufacturing. As supply chain disruption has had to be addressed, 3D printing has become 

an invaluable resource to supplant this resource shortage. Some companies have started using these 

technologies to produce in volume. An example is the Formlabs Company, which has produced 1,500,000 

COVID-19 test swabs. Here you can also see another of the advantages they have revealed. Switching to 

an AM production is not a panacea, quite the opposite, as it fits perfectly into the established production 

line due to its high flexibility. 

AMPOWER has carried out a survey of various companies that work in AM to write the AMPOWER 2020 

Report (May 2020), where it analyses the impact of COVID-19, posing different possible scenarios on the 

future of metal AM technologies. [W4] 

Subsequently, in this section, the information from the said report will be compiled and will be presented 

in summary form. 

 

The report highlights the effects of the current situation on the activities of users of these technologies. 

The industries using AM will be affected due to the blockade, the travel ban and the general recession 
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caused by the COVID-19 pandemic. Most industrial sectors are in a moment of uncertainty as they do not 

yet know if there will be a long-term recovery. A prominent example is the aviation industry, which, due 

to current restrictions on international travel, airlines and aircraft manufacturers, such as the Boeing and 

Airbus companies, have been affected. It will be very difficult for these companies to invest capital in the 

development of AM processes since it will be economically favourable to use technologies and products 

already known. Other companies facing challenges similar to those of civil aviation are the oil and gas 

industry. 

Attention should be paid to the automotive industry, which is the company with the highest investment 

in R&D efforts in metal AM. According to the report, a decrease in investment is predicted in the short 

term to reduce costs. But in the long term, it is not yet known for sure, since it is possible that users of AM 

techniques consider them an enabling alternative. In other words, due to the advantage of on-site 

production of spare parts and the reduction of storage needs, they could generate greater investment in 

AM to improve flexibility and reaction to the future economic crisis. This will occur in many other industries 

such as mechanical engineering or tools. It is true that the interruption of the international raw material 

supply chain has been or may be another incentive to increase activities using AM metal in the short term. 

There are also exceptions such as defence and space applications, that are not affected at all. Especially, 

the defence sector is continuously growing due to international tensions and increasing military budgets. 

Another sector that relies on AM as one of its main technologies is that of medical applications.  

 

The report also talks about the short-term effects on companies supplying AM systems. These are facing 

both low budgets for R&D activities and to different operational challenges that have arisen after the 

blockade. The general travel ban makes it difficult to perform services such as the installation or 

maintenance of machinery. Not only these departments have been affected, but many others as well. For 

example, the activity of the marketing and sales departments has also been affected due to the 

interruption of exhibitions and conferences. That is why companies have had to change their conventional 

methods, transferring their activities to online channels and remote maintenance tools. 

Added to all these challenges is the unexpected increase in demand for the service. Usuary companies 

explore their local production and fast delivery options, as well as converting to AM parts. However, the 

number of sustainable start-ups from the current increase is difficult to predict in the long term. 

However, some companies have decided to launch new systems on the market. As stated by Rainer 

Grünauer, Head of Additive Manufacturing Sales at Trumpf, the coronavirus crisis is a great technological 

opportunity for metal MA. In the interview, he mentions that it is a good time to strengthen cooperation 
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between partners. This is why this company has just released two new systems: the TruPrint 2000, which 

is ideal for medical technology, and the TruPrint 5000 with many new automation functions. 

 

This report also highlights the differentiation between AM technologies already established in the market 

and those that emerged relatively recently. The least established technologies are Binder Jetting (BJ) or 

Material Jetting (MJ). The R&D departments of the user companies will find it difficult to invest in these 

technologies because they would have to make a high investment acquiring the machines without 

knowing if the serial production capacities will be necessary to benefit. 

Successful companies will focus their activities on cash flow and revenue-related operations, while less 

successful companies will be forced to join forces with their competitors or disappear from the market. 

For example, less mature technologies will see less R&D investment by large OEMs, which is their main 

sales driver at the current stage of the system and market maturity. That is why they will focus their efforts 

on accelerating the consolidation of the supply chain. 

Regarding the collaboration agreements between different types of companies related to AM, it can be 

said that it is a good time to establish a symbiotic relationship. Many additive manufacturing providers are 

new or small companies. They have the advantage that they are innovative and can react quickly and 

flexibly to new requirements. However, they often lack the financial scope to launch new products. Large 

companies, on the other hand, have more staying power in times of crisis. Cooperations could benefit 

everyone involved. 

Not only does he talk about the difference between metal AM techniques, but it also says that their 

applications are also changing. The demand for custom or fast delivery products is increasing 

exponentially. An example of a possible application is protective equipment. In contrast, prototyping is 

declining. This is because companies that used prototyping, such as the automotive one, are experiencing 

a decrease in demand. 
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Figure 20. GDP Outlook for G7+China by IMF for 2020 and 2021 before (October 2019) and after (April 2020) 

COVID-19 outbreak [In $ million]. [W4] 

The AMPOWER 2020 Report (May 2020) also includes the economic perspectives published in the monthly 

reports of the International Monetary Fund (IMF). The last correction of the IMF collected by the Report 

is in April 2020. This is expected a global recession followed by a slow increase in gross domestic product 

(GDP) in 2021 (Figure 20). It is true that not all countries will be equally affected for this crisis. For example, 

for the G7 countries, which represent the majority of the AM metals market, the IMF analysis expects that 

GDP in 2021 will be at the same level as in 2019, therefore 2020 will be a lost year in terms of growth. For 

China, a small GDP growth is expected in 2021 compared to 2019. This scenario is consistent with 

AMPOWER's interviews with representatives of the metal additive manufacturing industry. 

As mentioned at the beginning of this section, the forecast made in this report contemplates different 

scenarios, specifically, two scenarios for the impact of the COVID-19 pandemic on the metal additive 

manufacturing industry. An optimistic scenario is shown with reduced growth and a pessimistic one 

considering the lost year. It should be mentioned that this forecast was made basing on the IMF forecast 

and the market forecast made through the statements obtained in a survey conducted before the severity 

of the pandemic was obvious. The following figure (Figure 21) shows a description of the two possible 

scenarios. 
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Figure 21. Description of the two possible scenarios raised in the AMPOWER 2020 Report (May 2020). [W4] 

As seen in the graph in the Figure 22, the metal AM market was originally expected to reach a volume of 

2.58 billion euros in 2020. Although, if the scenarios are true, this economic performance will never be 

reached. 

 

Figure 22. Metal AM market 2019 and supplier forecast 2020, 2021 considering COVID-19 scenarios [€ million] 

[W4] 

In short, the future of AM technologies is very uncertain. Many producers are suspicious and fear that, 

due to the overcapacity in the market created in the last 3 years and the associated very low market prices, 

many companies in the AM area will not be able to generate profits and will therefore disappear from the 

market. However, these facts do not discourage all producers as they consider that good management 
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and planning can lead the AM industry to obtain benefits from the crisis. Ludovico Camarda, Coherent 

General Manager, makes a series of recommendations that he says will ensure the success of his company. 
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3. Metal Powder 

More than half of all metal AM technologies use dust as raw material. Specifically, taking into account the 

installed base of AM systems, more than 80% of all operating systems work with metal dust. This is why 

many of the powder suppliers, which originally produced the powder for other technologies such as 

powder metallurgy, have had to adapt to this demand by adding powder suitable for AM to their product 

portfolio. 

In recent years, powder metallurgy has experienced significant growth due to the development of AM 

processes. Processes using powder have advantages that cannot be achieved with traditional methods. 

Dust particles are characterized by having a high ratio between the surface area / volume that increases 

the reactivity of the material, in addition, they flow due to the effect of gravity. 

The physical properties of the powder must meet the strict metallurgical requirements of the AM process 

to be used, varying according to the technology used. Some factors to take into account are the purity, 

the morphology and the size of the particles, since they influence the behaviour that the powders will 

have. 

According to the Wohlers Report 2017, powder costs are the second or third largest cost associated with 

the production of additively manufactured (AM) parts. That is why the procedure for producing metal 

powder is important for the growth of the AM metals market.[181] 

3.1. Metal powder production 

In this chapter, the main processes for the production of metal powders will be exposed. Significant 

manufacturing methods are classified as follows: 

1. Chemical methods 

2. Physical methods 

3. Mechanical methods. 
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Figure 23. Powder production methods and processes 

The choice of method will depend on the type of application and the desired properties and structure of 

the final product (type of end application) and the raw material used.[182, 183] 

3.1.1. Chemical methods 

Within this group we find two ways of production: the reduction method and the decomposition 

method.[184] 

3.1.1.1. Chemical reduction 

Normally, it starts with a chemical compound that can gain electrons, that is, is able to reduce its oxidation 

level chemically. The most common are oxides, halides, or metal salts. 

The most common ways are: 

In solid state. An example is the Höganäs process used to produce fluffy iron powder. In this process the 

magnetite mineral (Fe3O4) with high purity is used and it is reduced with a carbonaceous material. This is 
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a static operation since the material does not move during the entire reduction process. The process 

begins with grinding the ore until the desired particle size is reached. The powder is introduced into silicon 

carbide containers, known as "saggers", together with a concentric layer to this of a mixture of coke and 

limestone. These are introduced into an oven and that is when carbon monoxide, produced from coke, 

reduces iron ore. The total reduction time is of the order of 24 hours at a reduction temperature of 1200ºC. 

Limestone is used to prevent contamination of iron with possible traces of sulphur. Once the spongy iron 

is obtained, it is mechanically removed from the "saggers" and ground again. A purification process must 

be carried out using a magnetic separate. The final stage would be a final annealing, the powder is 

transported through a continuous furnace in a hydrogen atmosphere on a stainless steel belt. There are 

other metal powders that use this method. For example the production method of "Pyron iron powder", 

which deals with a reduction using hydrogen. In this process, the metal Fe3O4 is annealed first in an air 

atmosphere, thus obtaining Fe2O3. This oxide is then reduced in a hydrogen atmosphere. The annealing 

step is carried out since the reduction kinetics with hydrogen is faster. Another example is reduction is 

tungsten, in which WO3 is reduced to tungsten powder with hydrogen. This process is more complex.[185] 

In gaseous state: For example, the Kroll process, a vapour reduction of titanium tetrachloride with molten 

magnesium. 

In aqueous solution: As are the methods used to obtain precipitated copper powder by leaching a solution 

of copper sulphate with iron or the Sherrit Gordon process to obtain complex dust cores of Cu Ni and Co. 

This hydrometallurgical process is a reduction of a solution of ammoniacal nickel salt with hydrogen at a 

pressure of 1.38MPa and a temperature close to 200ºC. the reaction followed is as follows: M2 + + H2 → M 

+ 2H + .One of the advantages of this process is that it allows you to control the size and shape of the nickel 

powder.[186] 

 

3.1.1.2. Chemical decomposition 

Some of the most common ways to obtain dust by chemical decomposition are: 

Decomposition of metal hydrides: Used metals must first be hydrided, they must be refractory metals 

such as Ti, Zr, Hf, V, Th or U. At the same time, they are heated in a hydrogen atmosphere. It is very 

important that the atmosphere is pure hydrogen, since some traces of other gases such as O2 and N2 can 

lead to other unwanted reactions. Each metal has an opium temperature range to form its hydride. 

Hydrides are quite fragile and therefore easy to grind. These can be dehydrated by performing the reverse 

process, heating them in a good vacuum at the same temperature at which the hydride formed. 

Decomposition of metal carbonyls: The example we find is the production of iron and nickel powder. The 

metal is first reacted with carbide monoxide gas under pressure to obtain carbonyls as a product. 
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Carbonyls are liquid compounds at room temperature and with a low boiling point. Once the carbonyls 

are obtained, they are gasified at atmospheric pressure. Powder particles must be formed in suspension 

of the gas to obtain particles as uniform and spherical as possible. The powder obtained is quite pure but 

contains a considerable amount of carbon and oxygen (fraction of a percentage). In the case of iron, these 

impurities can be avoided by adding ammonia during the decomposition of the carbonyl and by 

subsequent annealing treatment. But these would naturally increase the cost. 

3.1.2. Physical methods 

In this large group are the electrolytic method and atomization. 

3.1.2.1. Electrolytic method 

It is one of the most widely used methods to obtain copper, beryllium, iron and nickel powders due to its 

high performance, since the metal obtained is of high purity. In order for electrodeposition of the metal 

to take place on the cathode in the form of flakes as in the case of copper or forming a sheet like iron, it is 

necessary to work in the optimal chemical and physical conditions. These flakes are then ground to 

powder particles. It is true that the cost is higher than other methods, because it requires the control of 

many process variables. The following actions can be considered to favour deposition: use high current 

densities; work with weak metal concentrations; add colloids and acids; work at low temperature; have a 

high viscosity solution and/or do not shake the said solution. 

 

Figure 24. Schema of the powder production process by electrolysis 

 

3.1.2.2. Atomization 

The atomization method to obtain powder is being adopted due to its advantages. Melt atomization is a 

high productivity technique (400 kg / min) that is applied to any metal or alloy that can melt, and can be 

converted into high purity powder or pre-alloyed by disintegrating the liquid into drops. The size of the 
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final particles depends on several factors, but the greater the energy supplied to the broth, the smaller 

the particle size.[187, 188] 

It can be classified into different categories according to the medium used. The most commons are gas 

atomization, water atomization, plasma and centrifugal atomization [183, 189, 190]. 

 

Figure 25. Scheme of different methods of production of metal powders by atomization. 

Next, each spraying technique will be explained, but before a summary table of each technique is 

presented, showing its advantages and disadvantages of them. 
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Table 3. Metal particle characteristics by manufacturing methods [191-198] 

Atomization 
process 

Particle 
size 
(µm) 

Particle 
shape 

Advantages Disadvantages 
Common 
material 

used 

Gas 
atomization 

0-500 
Spherical 

shape 

Wide range of alloys 
available 
Suitable for reactive 
alloys 
Only requires feedstock 
in ingot form 
High throughput 
Range of particle sizes 
Use of EIGA allows for 
reactive powders to be 
processed 
Spherical particles 

Satellites present 
Wide PSD 
Low yield of powder between 
20 and 150 µm 

Ni, Co, Fe, 
Ti (EIGA), 

Al 

Water 
atomization 

0-500 
Irregular 
droplet 
shape 

High throughput 
Range of particle sizes 
Only requires feedstock 
in ingot form 

Post processing required to 
remove water 
Irregular particle morphology 
Satellites present 
Wide PSD 
Low yield of powder between 
20 and 150 µm 

Non-
reactive 

Plasma 
atomization 

0-200 
Highly 

spherical 
Extremely spherical 
particles 

Requires feedstock to either 
be in wire form or powder 
form 
High cost 

Ti (Ti64 
most 

common) 

Centrifugal 
atomization 

0-600 
Spherical 

shape 

Wide range of particle 
sizes with very narrow 
PSD 

Difficult to make extremely 
fine powder unless very high 
speed can be achieved 

Solder 
pastes, 
Zinc of 
alkaline 

batteries, 
Ti and 

steel shot 

 

Liquid atomization with gas [GA] 

The medium used is an inert gas to prevent oxidation; the most common are nitrogen and argon. If 

oxidation is not a problem, air can be used. 
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Figure 26 Two fluid atomization design. 

There are two possible processes for gas atomization, but only one is interesting in the elaboration of 

metallic powder. This is known as "external mixing". The broth is melted in an induction oven and poured 

through a nozzle. The contact between the atomizing medium (gas) and the molten broth is made outside 

the nozzle. It is necessary for the gas to be extracted to avoid over-pressure in the chamber.  

The process is governed by a series of interrelated operating parameters. Controllable variables include 

the temperature of the molten broth and that of the gas, the viscosity of the fluid, the distance of the jet, 

the pressure of the jet, the flow rates of the gaseous and molten jet, the type of gas, the geometry of the 

gas outlet, among others.  

The powder obtained is made up of spherical particles, with smooth surfaces of high purity. The 

solidification speed of the drops is low, causing the metal to undergo an effect similar to that of an effort. 

Efforts are known as heat treatment of metals, assimilable to long annealing, which aims to produce 

globular grains and improve their deformability. Particle size can be reduced by increasing pressure, 

viscosity, temperature, and gas-induced acceleration or by decreasing the jetting distance.  

The disadvantages of this method are that it suffers from very low overall energy efficiency (~ 3%) and this 

is expensive if inert gases other than nitrogen have to be used. Gas atomized powders, on the other hand, 

have poor green strength.[199] 
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Figure 27 Schema of vertical gas atomisation. [200] 

Liquid atomization with water (WA): 

Water atomization is the most used technique to produce elemental or pre-alloyed powders with a 

melting point of less than 1600ºC. It is significant for low and high alloy steels, including stainless 

steel.[201] On the contrary, for reactive metals, its use is not recommended due to the formation of oxide, 

as is the case of titanium or super-alloys. The production speed using this method is estimated to be 400kg 

/ min.[202] 

 

Figure 28 Water atomising unit.[200] 
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In this process, a high-pressure stream of water is forced through nozzles to form a dispersed phase of 

droplets that then impact on the metal stream. In this method, large amounts of energy are required to 

supply the water at high pressure. 

The advantages of this technique are: 

 Freedom to alloy 

 All the particles have the same uniform composition. 

 Control of the shape, size, and structure of the particles. 

 Lower capital cost. 

In general, powders of irregular geometry are obtained, with lower purity and with rough surfaces due to 

oxidation. A smaller particle size is obtained with low viscosity and low metal surface tension, by 

overheating the metal and/or using a nozzle with a smaller diameter hole, thus lowering the metal feed 

rate. You can also increase the pressure, volume, speed, or viscosity of the water or shorten the length of 

the jet and work with the optimal angle. Figure 29 shows the different variables, which have been 

discussed previously, that affect the size of the particles.[203] 

 

Figure 29 Major variables in the atomizing process. 

It is true that an attempt has been made to define the size of the particles by means of a mathematical 

equation. In the end, Eq. 1 was reached, where d is the diameter of the particle, P the water pressure, v 

the water velocity, K a constant and α: the angle formed by the water-metal interface (it is indicated in 

the Figure 29). In this equation only the factors that most influence the size of the particles are 

considered.[204] 
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𝑑 = 𝐾
ln⁡(𝑃)

𝑣 · 𝑠𝑒𝑛 ∝
 Eq. 1 

Previously it has been commented that irregular particles are obtained, but this is not entirely true. The 

sphericity of the particles is favoured by: 

 High metal surface tension 

 Narrow melting range 

 High pouring temperature 

 Gas atomization, especially inert gas 

 Low jet velocity 

 Long apex angles in water atomization 

 Long flight paths 

The factors discussed above will be explained below. The surface tension of liquid metals is high and once 

a drop forms, it tends to assume the spherical shape. That is why the higher this is, the greater the 

sphericity of the particles. If the cooling rate is so high that it does not leave enough time for surface 

tension forces to operate to sphericalize the droplet, and therefore more irregular is the shape of the 

particle. Similarly, anything that influences by decreasing surface energy will promote irregular particle 

shapes. This group includes impurities, some alloying elements, or surface reactions such as oxidation. For 

example, small amounts of phosphorous in copper cause the formation of a surface film of phosphoric 

oxide (P2O5), which increases the energy of the surface and results in the formation of spherical droplets. 

This does not always happen the same way. For example, the existence of a film of solid oxide like ZnO 

acts in the opposite way, tending to give less rounded particles. The addition of silicon is a well-known 

method of influencing the particulate shape of atomized stainless steel powder. A higher pour 

temperature causes sufficient overheating to allow surface tensions to continue to act, creating more 

regular spheroids.[203] 

Higher pressure or viscosity of the atomizing medium (water) results in greater deformation and therefore 

more irregular particle shapes. This is due to higher impact forces and higher volumes of water that make 

cooling faster. 

 

Liquid atomization by centrifugation: 

The foundation of centrifugal atomization is the expulsion of molten metal from a rapidly rotating 

container, plate, or disk. 
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Within this group is the rotating electrode process (REP) where a metal rod electrode rotates rapidly while 

melting at one end using an electric arc. The anode of the material to be sprayed rotates at 50,000 rpm. 

The drops of the molten metal solidified before hitting the walls of the outer container. The entire process 

is carried out under inert atmosphere conditions. Dimensional precision and alignment of the electrode 

are essential parameters to obtain good results. 

It is mainly used for atomizing titanium and high purity, low oxygen super alloys. It should be noted that 

both the powders obtained by this procedure and by atomization with gas are not suitable for cold 

pressing applications and subsequent sintering of the green body. Its consolidation must be achieved by 

hot isostatic pressing (HIP) or some other high temperature method in which the voids between particles 

are closed more easily. 

The powder obtained is made up of smooth, spherical particles with a size between approximately 50–

400 μm (diameter). Precisely controlled rotation is essential to be able to obtain a desired range of particle 

size distribution. The diameter of the drop depends on some parameters such as the type of material (the 

surface tension of the liquid metal), the centrifugal forces (related to the speed of rotation) and the 

dynamics of the drops through the inert gas. 

One of the drawbacks is contamination from the stationary REP electrode. It is for this reason that the 

plasma rotating electrode (PREP) process emerged, in which contamination of the electrode is avoided. 

Another problem that REPs face is the resonance effect. The REP or PREP kit design includes sufficient 

damping to resist resonant vibrations of moderate amplitude.[205] 

It is not an appropriate method if you want a high production volume, a fine size powder and it is also 

considered a high cost process. 

Other methods of metal disintegration: 

Plasma atomization must be highlighted. As its name indicates, it is based on the application of plasma to 

produce high purity powders. This method is considered relatively novel and its technology is advanced. 

Specifically, what is done is to pass a metal wire through plasma torches, which transform it into drops 

that then solidify into powder. During the process, it works in an inert atmosphere together with a high 

velocity of a hot ionized jet of inert gas that produces adequate atomization. The process can produce 

powders with highly spherical particles and relatively small size. The powder produced by plasma 

atomization has a particle size distribution of 0 to 200 µm [206, 207]. Because it is produced under inert 

atmosphere conditions, the surface structure of the powders has a negligible level of impurities and, 

therefore, a low oxygen content [208, 209]. This technique has a significant number of disadvantages 

compared to the advantages it presents. For example, the starting material must be able to be 

transformed into wire, which means that materials that cannot be in that form are impossible to be 
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atomized by plasma [210]. This type of powder has its niche in additive manufacturing applications [211], 

or in the industry in biomedicine and sports articles [212-215]. Some of the companies that use this 

technology as the main process for powder production are AP&C (ex Raymor), PyroGenesis, and Hydro-

Quebec (LTEE). 

Another process used is the liquid atomization with cryogenic liquid gas, created by The Krupp Company. 

In this atomization process, the molten metal is atomized using cryogenic liquid gas (argon or nitrogen) at 

–200º C. Compression and cooling operations of the liquid gas are carried out simultaneously to prevent 

this fluid from vaporizing instantly with the opening of the jet. A uniform current is generated, which 

atomizes the melt in a manner comparable to the atomization of water and which cools rapidly. The 

advantage of this other method is that, since cryogenic liquid gas is vaporized, gas and dust can be easily 

separated in the cyclone. The advantage of this other method is that since the cryogenic liquid gas is 

vaporized, the gas and dust can be easily separated in the cyclone. Using this process, a high purity powder 

is obtained, highly spherical particles, and with an average size of 6-125 μm, better than in gas atomization. 

Another less known method is vacuum atomization or soluble gas patented by Homogeneous Metal, Inc. 

Its principle is based on vacuum applying a molten metal supersaturated with gas under pressure, the gas 

expands, leaves the solution, causing the metal liquid is sprayed. This is outlined in Figure 30. Nickel, 

copper, cobalt, iron and aluminium based alloy powders can be vacuum atomized with hydrogen. Powders 

are spherical, clean and of high purity compared to powders produced by other processing methods. 

In addition, there are also other methods of mechanical atomization, such as roller atomization (Crucible 

Melt Extraction), vibrating electrode atomization, and ultrasonic atomization. [216, 217] 

 

Figure 30  Schematic representation of vacuum atomization. (a) trap door, (b) transfer tube, (c) molten metal. 
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3.1.3. Mechanical methods 

The production of metallic powder by mechanical grinding methods depends on the combination of four 

types of forces: wear/attrition (generation of particles as a residue of wear generated between particles 

in low friction), shear (breakage by fragile shear-mat processes), compression and impact. 

Mechanical processes are not widely used as primary processes, but are usually secondary processes used 

to adapt powders already obtained by other methods. In other words, the goals of these methods are: 

As a primary process, the production of: 

 Mechanical alloys using reactive materials, such as beryllium and metal hydrides. 

 Easy to fracture materials and hard materials such as pure antimony and bismuth, metal ceramic 

alloys. 

 Common metals that are required in the form of flakes (avoiding a secondary process), such as 

aluminium and iron. 

As a secondary process: 

 Reduction of particle size 

 Shape change: Flake metal powders are produced by flattening equiaxial particles produced by 

another method. 

 Thickening of size. 

 Agglomerate formation. 

 Modification, change or alteration of material properties: density, hardness, grain size ... 

 Mixing of various materials or mixing of phases. 

A common method is the use of a ball mill consisting of a rotating drum with wear-resistant balls, that is, 

a material with greater hardness than the material to be crushed. The critical factor is the speed of rotation 

of the drum. The optimal speed is the one that avoids that both the material and the balls are pressed 

against the drum wall by such high centrifugal forces, or conversely that the movement of the balls is not 

enough to impact against the dust. Another process is the vortex mill, which, as the name indicates, is 

made up of propellers that rotate at high speed colliding against the particles, breaking them up. 

A disadvantage of the mechanical method for the production of dust is the possible contamination due to 

the impact against the equipment material, this being able to fracture, detaching polluting particles. In 

many of these processes, lubricants or coolants are used to decrease wear on the machinery and prevent 

the particles from welding or agglomerating. 
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3.2. Important properties in the characterization of metallic powder 

The success of any powder metallurgical process depends on the control of metal powders and, therefore, 

on an adequate characterization. The characterization of the raw material used for printing is necessary 

to ensure quality and repeatability in order to obtain a printed part with consistent and predictable 

properties. 

 Chemistry, particle structure, and particle size distribution are one of the properties that influence the 

behaviour of the powder during compaction and sintering, and the composition, structure, and properties 

of the sintered material. For example, metal powders used in AM are assumed to be nominally spherical, 

and have a particle size distribution that is designed to facilitate good packing behaviour, such that the 

final manufactured part has good mechanical properties and is fully dense. In the case of using metallic 

powder, the standardized measurement methods for the properties of the powder are various. The 

National Institute of Standards and Technology (NIST) has been dedicated to developing measures and 

standards for the characterization of metal powders suitable for additive manufacturing [218, 219]. Not 

only NIST, but also national and international standardization activities can be registered. For example, 

the French Association for Standardization (AFNOR) in France, which approved a standard on dust 

specifications (XPE 67-010: 2012) , which was replaced in 2014 by NF E67-01.[220] International standards 

organizations (ASTM and ISO) are also working on developing such standards[221]. In 2014, ASTM F3049 

was approved, which is the first specific standard for the characterization of virgin and used metal powders 

processed in AM systems developed by ASTM F42 [232]. There are already existing standards (ASTM 

F3049-14) related with this, that may be applicable for. It is true that some authors such as Monzón et al. 

say that the existing general standards defined for other processes cannot be used when characterizing 

the powder used in AM, since this technique requires a more extensive characterization [220].  

The reasons NIST has focused on defining dust characterization methods are: to ensure that the powder 

used meets the characteristics necessary to obtain a good final part, to determine the variability of 

powders from nominally identical batches and to determine the impact of recycling on dust 

characteristics, since using this type of powder reduces production costs in AM techniques that use 

powder[219]. Powder properties can be classified in multiple ways. One of the possible classifications 

would be the following: the physical or chemical properties of the individual particles, the properties of 

the powder assembly as a whole, and the properties of the powder under specific process conditions. It is 

true that the closer the characterization method is to the real conditions of the process, the clearer the 

relationship with the property of the final part will be.  

Taking into account only the properties of the bulk powder is not enough to be able to perform a 

comprehensive classification of the powder. The properties of the bulk powder will serve to define the 

basic requirements, but in order to obtain a correlation between the powder and its behaviour during the 



  Master's Thesis of Mª del Mar Blanes Martínez. 

 

64  

process, a combination of several characterization methods using specific process parameters will be 

necessary [222]. However, since these test techniques are not available by default and would not be 

comparable between them, the goal of many authors has been to find relationships between the different 

levels of powder properties and correlate them with the performance in the process.  

Table 4. Different Powder properties and their recommended analysis techniques. [182] 

 Powder 
characteristic 

Analysis technique 

individual 
particle 

properties 

Local chemical 
composition 

XPS, EPMA, EDAX, FIB, AES…   

Microstructure optical metallography, SEM, EDAX, X-ray diffraction 

Microhardness Vickers Hardness Test 

Morphology 
microscopy (OM, SEM, TEM), shape parameters, morphological analysis, 

fractals 
Topography and 

surface area 
CTomography, stereology, mercury porosimetry, gas absorption (BET), 

permeametry SEM, confocal microscopy 
Particle size and 
size distribution 

sieving, microscopy, sedimentation, turbidimetry  (light obscuration), light 
scattering, , elutriation, electronic resistivity, permeability, surface area 

particle density helium pycnometry,  mercury porosimetry 

Bulk 
properties 

Bulk chemical 
composition 

EDX/EDS, rudimentary chemical analysis 

Bulk density Funnel analysis 

flow rate 
Flowmeter Funnel,  HR, CI, AOR,  Revolution Powder Analyser, shear testers, 

computational methods 

green strength flexural strength test 

thermal 
properties 

TGA, DSC, DTA, TMA, TPA… 

 

3.2.1. Metallurgical properties 

3.2.1.1. Chemical composition and impurities 

Chemical analysis of powder is relevant information to determine the type and extent of chemical 

reactions of the powder during handling. The chemical composition of the powder is an important factor 

in determining the conditions of the printing and sintering process, determining: the process temperature 

and the required atmosphere. This influence is due to the fact that the chemistry of the powder indicates 

how the thermodynamics of the solidus and liquidus curves can change. Solidus temperature is vital in 

choosing the proper sintering for the process [223-225]. Therefore, the final properties of a sintered 

material generally depend on the composition of the material. 

From a chemical point of view, metallic powders are classified as elemental and prealloyed. Elemental 

powders, pure metal, are used in applications where high purity is required. The pre-alloyed powders are 
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obtained directly from an alloy obtained after mixing molten metals. In these powders, each particle must 

contain the specific composition of the alloy. 

Due to the manufacturing processes of the powder or due to subsequent changes in its storage, metallic 

powders can have metallic or non-metallic impurities. The amounts of impurity elements are important 

both for processing, due to the change in the properties of the particles (hardness, reactivity ...) and for 

the properties of the final product. 

Just as it is important to know the fractions of these elements (impurities), it is also important to know if 

these elements are present in their elemental form or if they are part of a chemical compound. Generally, 

these elements can be found in oxides, inert compounds or ceramics. 

Surface films are a problem because of the large area per unit weight of the metal and because it is a 

powder. The amount of such contamination increases with decreasing particle size and with increasing 

surface chemical activity. Possible films that can form on the surface of the films include oxides, silicas, 

adsorbed organic materials, and moisture. Surface oxides are mainly because during dust storage they 

absorb considerable amounts of water vapour and other gases. Oxides present on surfaces can interfere 

with compaction and sintering and possibly remain in the sintered material. It is essential to remove such 

films before beginning the printing and sintering process. 

One way to perform a qualitative and quantitative elemental analysis of particles is by using an energy-

dispersed spectrometer (EDX-EDS). Often the SEM microscope is equipped with one. This device monitors 

the X-rays that are simultaneously emitted by the sample when it is bombarded with electrons. It is a 

simple, fast, direct and easy to interpret technique. Its limitation is that it has a limited spatial resolution 

and that it is not a technique capable of detecting elements with low atomic numbers. Another possibility 

is to use a TEM to which a transmission sweep unit (STEM) is coupled and thus obtain a sample 

composition map. 

Along with the increased use of technologies that work with metallic powder, there was also a great 

interest in determining the elemental composition of particles (type of atoms and their relationship to 

each other). Some advanced techniques that can be used are Atomic Absorption Spectroscopy (AAS) with 

flame atomizer, with graphite furnace (GS-AAS), Optical Emission Spectroscopy with an Inductively 

Coupled Plasma source (ICP-OES), or Mass Spectroscopy with Inductively Coupled Plasma source (ICP-MS). 

These techniques are widely used in the elemental characterization of nanoparticles, but in the case of 

AM metallic powder, less analytical precision is required. 

If you want to know the surface chemical composition, the most used analytical techniques are X-ray 

spectroscopy (XPS) and Rutherford backscatter spectroscopy (RBS). These techniques are non-destructive 

and very useful for detecting the surface composition of dust particles. XPS requires ultra-high vacuum 
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conditions since the sample is bombarded by a monochromatic high-energy X-ray beam (approximately 1 

keV). The energy of the photoelectrons released from the sample is provided by a high-resolution electron 

analyser. This provides a spectrum where you can see energy peaks corresponding to the characteristic 

binding energy of each element. That is why it is an elemental characterization technique of the material 

surface. On the other hand, the RBS technique is highly sensitive and accurately provides the elemental 

composition through the measurement of the ions dispersed by the sample. 

It is true that industry does not usually work with this level of precision and, therefore, less sophisticated 

equipment is used, much cheaper but that provides the necessary information to be able to carry out a 

simple analysis of dust quality. Some of the equipment is outlined below. 

To verify the evolution of the content of the impurity elements, the chemical elements of C, S, N, and O in 

raw powders and sintered parts were analysed using a C / S analyser and an N / O analyser. The operation 

of these teams is based on fusing the metallic sample under a stream of helium gas that flows at ideal 

temperatures to release oxygen, nitrogen, and hydrogen. Before measurement, these instruments must 

be calibrated to ensure that the data is reliable to standards. Sample preparation involves placing the 

powder inside a tin capsule, then placing the powder inside a nickel basket in a graphite crucible before 

placing it in the instrument. 

 The oxygen in the sample, in any form present, combines with the carbon in the crucible to form 

carbon monoxide and is measured by infrared absorption (IR). To correct the oxygen inside the 

graphite crucible, the nickel basket and the capsule of tin, the oxygen content of three samples 

without powder was measured and the average oxygen content of all samples containing powder 

was subtracted. 

 The nitrogen present in the sample is released as molecular nitrogen and is detected and 

measured by thermal conductivity (TC). 

 The hydrogen present is released as hydrogen gas and is also measured by infrared absorption. 

 

Another commonly used way to obtain the level of oxygen impurities is the loss of hydrogen. It is used 

only in those metallic powders whose oxides are easily reducible by hydrogen, such as iron, tungsten, 

copper, or nickel. However, this value may not be exact due to the incomplete reduction of oxide. Details 

of the procedures for determining these parameters can be obtained from the standards of the Federation 

of Metal Powder Industries (MPIF) and the American Society for Testing and Materials (ASTM). 
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3.2.1.2. Microstructure 

On the other hand, the microstructure of the crystalline powder is significantly influencing the behaviour 

of the powder in the process, in the sintering and in the properties of the final product. As the grain size is 

already known, it is a parameter to take into account in metals. In the case of powders, this depends on 

the particle size and the particular method of powder production. If the particles are rapidly cooled, it 

would naturally give rise to small particles and also to small grain sizes. An optimal sintering is obtained 

using powders with fine grain sizes, and therefore, the mechanical properties and the uniformity of 

dimensional changes of the final pieces. 

It is true that if the powder is prealloyed, they can contain various phases. Multiphase microstructures 

depend on the composition and phase diagram of the alloy, the thermal history, and the method of 

powder production. In the case of water atomized solid solution type alloys, the microstructure consists 

of a core structure. It will be of great importance to know all the phases that constitute the microstructure 

of the powder.  

In the same way, it is very important to know the structural defects since they also influence the 

compaction and sintering response of the powders. For example, a powder made by a cold mechanism 

exhibits a high displacement density that can be reduced by annealing. 

The study of the surface microstructure and the metallographic sections give valuable information 

regarding the solidification rate of liquid metal droplets, the phase distribution and the phenomena of 

mass transport at different length scales. 

This study could be done using a microscope (optical or scanning electron microscope). X-ray powder 

diffraction (XRD) technology can also be used for the identification and analysis of qualitative and 

quantitative phases, the determination of crystalline or amorphous phases, the determination of network 

parameters, the characterization of thin films and the identification of its phases. Thanks to this technique, 

foreign substances can also be identified by comparing the diffraction data obtained with the database of 

the International Center of Diffraction Data. Another advanced technology is TEM with an Electron Energy 

Loss Spectrometry (EELS) unit, which improves the structural information of the sample. 

3.2.1.3. Microhardness 

Measuring the hardness of the powder should be made with a Vickers Hardness.  A square-based pyramid 

diamond is used in the Vickers hardness. It has an angle of 136 degrees between the opposite faces at the 

vertex. The tip is pressed into the surface of one of the grain leaving an area imprint.  

The Vickers Hardness measurement is calculated by the ratio between the maximum applied load and the 

area of imprint, as it is defined by the equation: 
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𝑯𝒗 = 𝟏.𝟖𝟓𝟒𝟒
𝑷

𝒅𝟐
 Eq. 2 

Where P is the maximum load applied and d is the average length of the diagonals of the imprint [226]. 

The microhardness values (Hv) vary with the load used in the test. This is why it is necessary to specify this 

value P.  P loads are generally less than 0.2 Kg. If you want to compare hardness results, you should 

perform the test applying the same load or, alternatively, use different loads but produce dimensionally 

equal footprints. 

The sample used to analyse the microhardness will be the same as to analyse the microstructure of the 

powder and is explain in the page 67. 

 

3.2.2. Geometric properties 

3.2.2.1. Particle Surface Topography and Surface area 

The shape of the particle is not the only important characteristic of the powder, but the nature of the 

surface of the individual particles is also. A spherical particle can have a smooth or bumpy surface.  

The topography of the surface is a property to consider since it directly influences the friction forces 

between the particles. These are important in the case of the bulk movement of particles, when dust 

flows, settles, or during compaction. Other parameters that are influenced by roughness is the extent of 

actual contact between particles during sintering and the chemical reactivity of the powder. A greater 

roughness, more contact area, and therefore, greater reactivity. This leads to define another important 

property in the characterization of the powder, the actual amount of surface per unit mass of powder. 

The topography of the surface depends on the process of obtaining dust and surface contamination, 

among other causes. For example, the powder obtained through metal reduction has a highly rough 

surface and those obtained by spraying have a smoother surface. 

The surface area of a powder is measured by the BET method (Brunauer - Emmett - Teller), which is based 

on the adsorption of a gas to obtain a specific surface value (SW) considering that the surface is completely 

covered by a layer of monomolecular gas. From the knowledge of the area occupied by a gas molecule 

and the amount of gas absorbed in the layer, the total area of the dust sample can be obtained. The BET 

method for determining specific surface area is widely used for catalysts. Its use for metal powder is mainly 

for very fine and / or porous powders. 
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An advanced technology that is beginning to be widely used, not only at the research level, is computed 

tomography by X-ray (CT). In this, X-ray radiographs are taken at different angles with respect to the 

sample. Mathematical algorithms are responsible for collecting this information and reconstructing a 

three-dimensional image from hundreds of cross-section images. This information is then processed by 

software to obtain data on parameters such as porosity, volume, dimensions and the surface area of the 

sample. 

3.2.2.2. External shape of the particle 

The particles that form the metallic powder are three-dimensional in nature and can be considered 

equaxial. This means that they do not have a preferential orientation, but rather a random distribution of 

orientations. Despite the fact that Figure 31 shows a series of possible shapes that metal powder particles 

can have, it is true that the ideal and simplest shape is the sphere. As the Figure 31 shows, the particles 

can be classified by their morphology into: nodular, dendritic, acicular, fibrous, flake, spheroidal, angular, 

irregular and granular. This classification is defined in the ISO 3252 standard. In general, the shape of the 

particles is a consequence of the manufacturing process and the treatment of dust. 

In some cases, the assumption of that the particles have this geometry is made and this facilitates 

calculations. 

 

Figure 31. Set of possible particle shapes. 

To qualitatively determine the shape of the particles, multiple shape factors have been developed that 

are a function of the shape parameters of the particles. The most frequent factors are found in Table 5. 

The stereology technique, three-dimensional interpretation of flat sections of materials, will be used to 

determine these factors.  
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Table 5. Form factor and definition [227, 228]. 

Form factor Equation Parameters 

Specific volume surface 𝑆𝑣 =
𝑆

𝑉
 Eq. 3 

S: particle surface area 
V: particle volume 

Hausner 

Elongation 
quotient 

𝑥 =
𝑎

𝑏
 Eq. 4 

a: length of smallest area surrounding 
rectangle. 
b: width of the rectangle 
c: perimeter of projected section 
A: projected area of the particle. 

Volume 
factor 

𝑦 =
𝐴

𝐴 · 𝑏
 Eq. 5 

Surface 
factor 

𝑧 =
𝑐2

4√𝐴
 Eq. 6 

Heywood 
quotients 

Elongation 
quotient 

𝑛 =
𝐿ℎ
𝐵ℎ

 Eq. 7 
Th: minimum distance between two parallel 
planes tangential to the particle, one of 
them is the plane of maximum stability 
(thickness) 
Bh: minimum distance between two parallel 
planes perpendicular to the Th plane (width) 
Lh: distance between two parallel planes 
perpendicular to Bh and Th planes (length) 

Laminar 
quotient 

𝑚 =
𝐵ℎ
𝑇ℎ

 Eq. 8 

Heywood form factor 𝒻ℎ =
𝑓

𝑘
=⁡

𝑆

𝑉
 Eq. 9 

S: particle surface area 
V: particle volume. 
Only for spheres: n=m=1 ,⁡𝒻ℎ = 6  

CAR (Centroid Aspect 
Ratio) 

𝐶𝐴𝑅 =
𝑑𝑚
𝑑𝑝

 Eq. 10 

dm: length of longest chord that passes 
through the centroid. 
dp: length of chord that passes through the 
centroid and is perpendicular to dm. 

Form factors characterize the shape of particles morphologically and mathematically, quantifying their 

relative differences (for example sphericity) being defined through dimensionless relationships between 

different sizes that can be attribute to these. The most used form factors are those of Hausner, whose 

methodology is based on drawing a rectangle with a minimum area around the cross section of the particle 

observed under the microscope. Detailed characterization of particle morphology is carried out using a 

scanning electron microscope (SEM). Specifically, using the SE secondary electron mode. The SEM-SE also 

allows the observation of the surface state, specifically, roughness and surface porosity. 

 

Figure 32. Parameters of Hausner form factors.[228] 

. 
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3.2.2.3. Particle Size  

In any real dust sample, all prepared in the same way, it is impossible for all the particles to be the same 

size. That is why we must speak of a size distribution (PSD) when accurately describing powders. The PSD 

curves relate the particle size to the corresponding fraction of the powder at that size. Figure 33 illustrates 

various size distributions. The size of a particle is not a specific value because, as already mentioned, the 

shape of said particle can have several dimensional values depending on where it is measured. 

 

Figure 33. Some realistic particle size distributions.[229] 

In the Figure 33, a polymodal distribution is presented, consisting of several narrow bands of particle sizes, 

with practically no particles between said bands. On the contrary, if there is only a maximum, most of the 

particles have a critical size and the distribution is called unimodal. Unimodal distributions can take 

different forms. In the Gaussian distributions (also known as the normal distribution), the mean, mode, 

and median concur in a single central trend of the curve; however, with the variation in the fraction of 

coarse and fine dust particles, it is possible to have an asymmetric distribution like the negatively and 

positively skewed distributions. A uniform concentration of particles with a size in a wide range leads to 

observing the broadband distribution. Outside this range, practically no particles are observed. As seen in 
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the last graph of the Figure 33, the irregular distribution represents a continuous and finite variation of 

particle sizes within a relatively wide range. 

 

Figure 34. Differential and cumulative size distribution. 

This is why it is not only important to know the average or maximum size, but also that the PSD is necessary 

for a complete characterization. As Figure 34 shows, it is common to present the results of the powder 

size distribution on a differential curve to better interpret the particle size, and a cumulative graph to 

identify the counting percentile of the size meters values: D10, D50 and D90. [19, 230, 231]. 

There are several methods that can be used to obtain the PSD, each with its own limitations such as the 

estimation of considering the particles as perfect spheres for calculations. Next, in Table 6, some of the 

possible methods to obtain said distribution and their limitations of applicability are shown, as considered 

by RM German.[232] 
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Table 6. Characterization techniques most used to obtain the particle size distribution and their size limit range 

for their applicability.[232, 233] 

Method Size range (μm) 

Sieving Using mechanical agitation or induced ultrasonic agitation. 44-800 

Microscopy 
Micromesh screens 
Visible light 
Electron microscopy 

5-50 
0.2-100 
0.001-5 

Sedimentation 
Gravitational 
Centrifugal 

1-250 
0.05-60 

Turbidimetry Light intensity attenuation measurements 0.05-500 

Elutriation  5-50 

Electrolytic 
resistivity 

Coulter counter 0.5-800 

Permeability Fisher sub-sieve sizer 0.2-50 

Surface area 
Adsorption from gas phase (BET) 
Adsorption from liquid phase 

0.01-20 
0.01-50 

 

Many of the microscopy techniques used to define the size distribution are subjective because many 

particles have irregular shapes. The image obtained from a specific particle is treated as an equivalent 

spherical particle. The most common measurements are: 

 Feret Diameter (F): maximum length of a particle measured in a fixed direction. 

 Martin diameter (M): length of a horizontal line that divides the image area of the particle into 

two equal parts, all particles must be measured in the same direction. 

 The diameter of the projected area (da): diameter of a circle with the same area as that projected 

by the particle. 

 Largest dimension (Fmax): maximum Feret diameter for each particle, it has no fixed steering 

system. 

 Perimeter diameter (dp): diameter of a circle that has the same circumference as the perimeter 

of the particle. 
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Figure 35. Techniques to measure particle size with irregular shapes. 

 

The geometric properties of dust particles such as size and shape are important characteristics that affect 

their physical stability and behaviour. Therefore, knowing them is essential to understand their behaviour 

during the AM process. 

Microscopy can be used to observe the morphology of the particles and measure their dimensions [234]. 

Electron microscopy techniques are very common and reliable. The scanning electron microscope (SEM) 

analyses the secondary electrons that come from the sample and provide information on the size and 

shape of the particles. Another device that can be used is the FESEM (Field Emission SEM), which allows 

obtaining images with higher magnification than traditional SEM and provides information on surface 

roughness. In the transmission electron microscope (TEM) the images are generated from an electron 

beam that passes through the sample, obtaining images with higher resolution than in the case of the two 

previous teams. If an extremely precise measurement of particle size is desired, the HRTEM (High 

Resolution Electron Transmission Microscope) technique can be used.  Furthermore, with HRTEM it is 

possible to visualize the limits of the crystalline framework and obtain crystallographic information on the 

crystalline phases and the structural parameters. It is true that these last two technologies are not very 

common in the characterization of dust used in AM technologies since the size of this powder is large 

enough to obtain good results using SEM or FESEM. 

Another alternative to obtain information on the morphology of the sample is to use scanning probe 

microscopy (SPM) techniques. This group of techniques includes, for example, atomic force microscopy 

(AFM). This technique is based on the use of a probe equipped with a tip the size of tenths of nanometers. 

This probe is guided by the surface of the sample and can perform the analysis in contact or non-contact 

mode. With this technique, information on surface topography can be obtained. 
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As can be seen, microscopy techniques are very useful in characterizing dust particles, but in many cases, 

sample preparation is laborious and affects the original morphology of the particle in some cases. It is for 

this reason that techniques based on light scattering measurements are used to characterize the 

morphology of the particles (especially to obtain their size). 

DLS (Dynamic Light Scattering) is especially useful for obtaining particle size distributions (PSD) [235]. Its 

operation is based on measuring fluctuations in the intensity of the scattered light, thus determining the 

particle's diffusion coefficient that is directly related to the diameter of the particle. DLS is a simple, non-

invasive, non-destructive and cheap technique. If the equipment is equipped with a potential 

measurement unit (Z), the net surface charge of the particles can be determined in addition to their size. 

Knowing this value is important since the net surface charge conditions the electrostatic interactions of 

the particles and therefore the tendency of the particles to flow or agglomerate can be predicted. 

CT can also be used to obtain dimensional parameters of the particles [236]. 

 

3.2.3. Physical properties 

3.2.3.1. Particle and bulk density. 

Density is another highly important textural property in solid materials. According to the British Standard 

Institution, there are two types of density for solids depending on the volume being considered: true and 

apparent [237, 238]. True density is obtained by dividing the mass of a particle by its volume, excluding 

open and closed pores. On the other hand, the apparent density is the mass of a powder divided by its 

apparent volume. The apparent density can be obtained under specific conditions, known as tap 

density.[237] Bulk or apparent density is the packaging configuration that a powder assumes after free fall 

(ASTM B417-13) and tap density is the powder density that results when subjected to repetitive vertical 

shock (ASTM B527-15). 

To obtain the true density of the dust particles it is necessary to know the real volume. Helium 

pycnometers are capable to measure the actual volume of solid materials whether they are powders or 

porous solids. This equipment is based on the gas displacement technique and Boyle's Law. Helium is used 

since it is an inert gas that also penetrates very fine pores (up to 2 Angstroms), therefore allowing a very 

precise measurement of the real volume.[218, 239] The drawback of the pycnometer is that if the particles 

themselves have an internal porosity that is inaccessible from the surface of the particle, this porosity will 

be taken into account in the determination of the density of the particles, giving the measurement a wrong 

density value. To avoid such a problem, the CT technique could be used to obtain the actual volume of the 

powder sample. 
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Apparent density is a critical characteristic of a powder as it influences the transport of the powder, the 

behaviour of the powder during sintering, and the density of the final solid. Other characteristics that have 

a direct relationship with apparent density are the size and shape of the particles, the surface area, the 

topography, and their distribution.[240] The Table 7 shows the apparent density of different metal 

powders and their dependence on particle size. To determine this density, the ASTM B 212 standard 

entitled Test Method for Apparent Density of Free-Flowing Metal Powders is applied. The Hall flowmeter 

is used, where a container of known volume (25 ml) is completely filled with a metallic powder that flows 

through a Hall funnel [241].  

Table 7. Effect of particle size on bulk density for different metal powders[227, 242]. 

Material Dust production process Average particle diameter (μm) Apparent density(g/cm3) 

Aluminium Atomizes 

5.8 0.62 
6.8 0.75 

15.5 0.98 
17.0 1.04 
18.0 1.09 

Nickel 

Carbonyl 
3.2 0.61 
3.8 1.81 
4.1 1.87 

Precipitation 
3.5 1.81 
4.4 2.10 
8.0 2.09 

Tungsten Oxide reduction 

1.2 2.16 
2.5 2.52 
2.9 3.67 
6.9 4.40 

26.0 10.20 

Iron 

Carbonyl 
Reduction 

7.0 3.40 
6.0 0.97 

51.0 2.19 
68.0 3.03 

Electrolytic 
53.0 2.05 
63.0 2.56 
78.0 3.32 

There are other methods to determine the bulk density of metal powders. For powders that do not flow 

easily, due to a particle size that forms agglomerates, ASTM B417 and MPIF28 standards apply. This 

procedure is similar to the Hall apparatus; however, a Carney funnel (5mm) is used. Another very frequent 

instrument is the Scott volumetric, whose operation is detailed in the ASTM B329 standard. Finally, there 

is another device called the Arnold meter, the methodology for using it is described in the MPIF48 

standard. The figure shows this different equipment used to determine the density of metal powders. It 

is true that there are other methods to obtain the bulk density of powders. These are described in the 
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following standards: ISO 3923/2: Determination of apparent density of metallic powders, and Standard 

Test Method ASTM 32990: Apparent Density of Metal Powders and Compounds. 

  

Figure 36. Equipment for determining the apparent density of metallic powders. a) Hall apparatus, b) Carney 

funnel and c) Scott volumetric. 

 

On the other hand, the degree of compaction is a very important property for storage and handling of 

powdered materials. In a powdery material, the degree of compaction depends on the actual density of 

the solid, the particle size, the shape of the particle and the cohesiveness. The process to obtain the value 

of this type of density (the tap density) consists of measuring, under controlled conditions, the volume 

occupied by a known quantity of material. The concrete quantity of powder is contained in a test tube and 

it is struck mechanically successively, without applying external pressure. This measurement method is 

covered in many international regulations, such as ISO 3953, ISO 787/11, ASTM B527, ASTM D4781 or 

MPIF46.  

The evolution of the apparent density measured as a function of tapping is represented as a non-linear 

curve, where the positive slope of the curve decreases until the density becomes constant. This reported 

final value corresponds to the tap density [233]. The amount of increase in density due to knocking 

depends on the extent of the original friction forces between the particles. The higher the friction 

conditions in the original powder (small sizes, irregular shapes, and rough surface), the greater the 

increase in density due to knocking. 

 

3.2.3.2. Flow Rate 

The flow factor is defined as the ability of the powder to flow freely depending on its own weight and is 

influenced by the friction between the particles of the same; therefore, it has a direct influence on the 
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rearrangement and packaging of the latter. This is why it is said that it is not an integral and inherent 

property of bulk powder.[243] 

This property is influenced by the characteristics of the surface of the particles, such as oxide films or 

roughness. For example, the presence of an oxide film increases the friction between the particles and 

therefore tends to increase the flow rate. Other parameters that affect are some pertinent characteristics 

of the material, such as the theoretical density, the electrostatic interaction forces, among others. The 

lower the specific weight of a material, the greater the ability to flow. Regarding the morphology of the 

particles, the spherical particles are those that have the best fluidity. On the contrary, if the particles are 

too small, they do not flow under their own weight, because the electrostatic forces of attraction induce 

the formation of agglomerates. 

The ability of the powder to flow freely is a very interesting property in AM processes since it will be 

possible to predict how the powder will behave in its handling during the entire AM printing process. For 

example, in the distribution of the layer on the impression bed. 

There are different methods to determine the flow rate, some of these are compiled in the following ASTM 

B213, ASTM F3049-14, MPIF 03, or ISO 4490 standards. That is why when a flow value is given it must be 

specified with respect to the applied test device. 

Some of the different techniques used to quantify or determine the flow velocity are explained below. 

 

Some widely used techniques to measure the flow of metal powders are the Hall Funnel and the Carney 

Funnel (ASTM B213 and ASTM B964, respectively). The operation of both techniques is the same; their 

only difference is the diameter of the funnel. The hole in the Carney funnel is twice the diameter of the 

Hall and therefore serves to characterize fine powders since this type of dust does not circulate through 

the Hall funnel. 

These techniques are based on measuring the time (in seconds) for 50 grams of powder to flow through 

the action of gravity through a container with a standardized shape and bottom hole. Normally a funnel is 

used, which has an angle of inclination of 60º. 

Several authors conclude that the funnel tests are only simple comparative tests that do not allow a 

quantitative statement of powder flow [244, 245]. On the contrary, other authors consider that these 

techniques are not the most adequate to characterize the metallic powder used in AM, although they are 

closer to the AM process than other flow characterization techniques [246] 
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Figure 37. Schematic diagram of a) Hall Flowmeter Funnel and Carney Flowmeter Funnel with their 

corresponding dimensions. . 

 

The Hausner ratio (HR) is a number that is correlated with the fluidity of the powder. This rudimentary 

prediction technique takes into account the apparent density and the tap density (Eq. 11). This 

dimensionless value is not an absolute property of the material, its value may vary depending on the 

methodology used to determine it. 

𝑯𝑹 =
𝝆𝒕𝒂𝒑

𝝆𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕
 Eq. 11 

Since bulk densities and tap density are a function of the internal friction exhibited by powders, the ratio 

of the two quantities is related to the cohesion of the material, which affects fluidity. As the Hausner ratio 

increases, the dust becomes less fluid, suggesting an increase in friction between particles. An HR value 

greater than 1.25 is considered to be an indicator of poor fluidity. [245, 247]. 

Table 8. Hausner ratio and Carr Index values to measure flowability. 

Hausner ratio Carr Index (%) Flowability 

1.09-1.10 8.26-9.09 Excellent 
1.10-1.14 9.09-12.28 Very good 
1.14-1.19 12.28-15.97 Good 
1.19-1.25 15.97-20 Normal 

>1.25 >20 Poor 

The Hausner ratio (HR) is related to the Carr index (CI), as described in ASTM D7481-09 (Eq. 13). It is also 

known as the compressibility index and is another index indicative of fluidity. Indeed, Hausner's is related 
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to a measure of the friction between particles and the Carr index with the resistance and stability of the 

bonds between the dust particles [247]. 

𝑪𝑰⁡(%) =
𝝆𝒕𝒂𝒑 − 𝝆𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕

𝝆𝒕𝒂𝒑
· 𝟏𝟎𝟎 Eq. 12 

𝑯𝑹 =
𝟏𝟎𝟎

𝟏𝟎𝟎 − 𝑪𝑰
 Eq. 13 

Some authors criticize the use of both indices in the characterization of the fluidity of the material since 

they affirm that, despite its empirical demonstration, it does not have a solid theoretical basis. 

Furthermore, they argue that both procedures are too far from the situation in AM processing and, 

therefore, the method is not well suited for the characterization of AM powder [246]. On the contrary, 

other authors support the contrary opinion, stating that they can be used to draw quantitative conclusions 

about fluency [245, 248, 249]. Geldart et al. find an almost perfect linear relationship between HR and the 

angle of repose (parameter to be discussed below) [250]. From this, it is concluded that both parameters 

are good indicators of the fluidity of the powder. 

 

The angle of repose (AOR) is another generalized method for characterizing powdered materials in 

relation to resistance to movement between particles [251, 252]. It is especially applicable for the free 

flow of slightly cohesive homogeneous powders [253].  

To measure the angle of repose (AOR), the powder is thrown and the angle formed between the tangent 

to the surface of the cone-shaped pile of powder (h) and the horizontal axis (r) is measured. (Figure 38) 

The lower this value, the greater the friction and the forces between the particles and, therefore, the 

greater the flow of the powder material [199]. In general, a value greater than 50º means that there is no 

free flow; between 50 and 30º corresponds to a poor flow and less than 25º, implies free flow. 

 

Figure 38. Angle of repose (AOR) 
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The results obtained depend on the equipment used, so it will be necessary to differentiate between the 

various test methods that make it possible to determine the AOR (nine methods according to Schwedes 

[252]). These methods for obtaining the angle of repose are classified into two groups: static methods and 

dynamic methods. Some of the different methods will be described below: 

 The angle of repose spilled by free fall: the powder empties freely on a flat surface. To obtain 

them, static free-fall methods are used, such as a height cone, a fixed base cone, and a tilting 

table. 

 The angle of repose spilled by hole: Dust is passed through a hole. The flow rate depends on the 

diameter of the hole and the size of the particles. Static methods are also used. 

 The dynamic angle of repose: the powder is introduced into a rotating cylinder that has holes of 

different sizes. 

 

Figure 39. Different methods of obtaining the angle of repose: A and B) static methods and C) dynamic methods. 

As it was discussed, AOR is closely related to HR. However, the AOR is more widely used due to its easy 

use. Furthermore, the use of the angle of repose is criticized by some authors, who assure that it is not a 

pure parameter of the measured powder. This is because its value strongly depends on the equipment 

used [245]. To solve this problem Geldart et al. developed their own equipment, which is commercially 

available.[254]. 

There is little information on the usability of AOR in the characterization of powders for AM. Although it 

is true that some authors claim that static methods are not useful to decide if a powder will be 

processable or not on an AM device.[255]  
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Figure 40 Diagram of the Revolution Powder Analyser indicating the analysis parameters. 

Revolution Powder Analyser (RPA) is another method of characterizing powders with respect to their 

dynamic avalanche angle, which has gained increasing attention [246, 249, 256-261]. A rotating drum is 

partially filled with powder and spins automatically. A digital camera and image acquisition system 

collect images as the drum rotates for further analysis [262]. Using this method provides an opportunity 

to adjust the travel speeds of the roller to mimic actual flow characteristics of dust (Figure 41)[263]. In 

addition, it is equipped with a resistance and a thermocouple that allow controlling the test 

temperature.[257]  

 

Figure 41. Six categories of granular bed motion in a rotating drum in order of increasing rotational speed, left to 

right and top to bottom. (a) Slumping. (b) Surging. (c) Rolling. (d) Cascading. (e) Cataracting. (f) 

Centrifuging.[264] 

This technique allows quantifying some parameters such as (Figure 40) [261]: 
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 Avalanche angle. As the drum rotates, the internal friction of the powder gives it a cohesive force 

that makes it resemble a solid. However, at a certain angle, the weight of the powder exceeds its 

internal friction, causing a fall or avalanche. The maximum angle that the dust formed before the 

fall is called the avalanche angle. 

 Avalanche energy. The energy released during the fall process. The RPA measures the changes in 

the gravitational potential energy of the dust by monitoring the sum of the potential energy for 

each pixel belonging to the sample. The potential energy is normalized in relation to the mass of 

the dust sample. 

AOR and averaged avalanche angle are linearly related because of the similar stress state to which these 

techniques subject the dust [259]. 

Schulze criticizes dynamic avalanche measurement as this technique is based on a chaotic process and 

there is a lack of theory behind this [245]. In addition, the problem of particle segregation that occurs 

during the test is mentioned. A previous homogenization of the sample would reduce this phenomenon, 

the problem is that static charge would be induced in the powder sample, which influences the powder 

flow obtaining false results. 

 

There is a large group of methods that are grouped under the name of shear testers [245, 252]. This group 

of techniques has become very popular in recent years [222, 224, 259, 265-271]. An advanced powder 

rheometer provides information on the energy required for a certain flow, resistance to flow based on the 

cohesiveness of the powder, and packaging performance. 

Modular rheometers are usually used since they allow obtaining measurements adapting to the 

rheological requirements of the sample. For example, one way to monitor the behaviour of the metal 

powder flow used in AM is to use a rheometer with a dust cell (Figure 42) to measure wall friction. Wall 

friction measurements allow the wall friction angle to be calculated, indicating whether a powder can be 

homogeneously discharged from a hopper. A lower angle of wall friction indicates that dust adheres less 

to walls and is more easily discharged [259]. A recent comparative study of different cutting cells showed 

that the classification of powders with respect to their flow capacity was independent of the type of 

cutting cell, although some variation in numerical values was observed [272]. 

All the rheological parameters obtained after this test, such as the measurement stability index, the final 

elastic limit, the cohesion, the specific energy,  the conditioned bulk density, and the flow function, 

correlated very well with the observed quality of the formation of the dust layer.[269] 

That is why the rheology of the powders is a useful method to determine the differences in the flow 

properties of the powders used in AM [224, 254]. In conclusion, although further studies are needed, 
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powder rheology turns out to be a promising technique for characterizing AM powder with respect to 

flowability. 

 

Figure 42. Schematic diagram of the functioning of rheometer with a dust cell. 

 

As has been observed, there are different methods to quantify the flowability of the powder, and with 

these, different opinions about its usability. Currently, some companies or research centers are making 

tests using a simulator system to spread the powder from the AM machine to compare the fluidity of the 

different samples.[273] This is because it is believed that to test the relevant fluidity of the process, the 

test device should be as close as possible to the conditions of the process [245, 249, 259, 265]. 

In addition, new computational tools are being developed to characterize powders more thoroughly than 

current standards. Decost et al.  developed computer vision methods to analyse the AM dust form 

autonomously [274, 275]. The algorithm can detect the characteristics of the dust and then create an 

image representation with detailed information to compare and analyse particle micrographs. 

Even so, it can be concluded by saying that adequate parameters are lacking that allow a quantitative 

evaluation of the fluidity of the powder[276]. 

3.2.4. Mechanical properties 

3.2.4.1. Green Strength 

Green resistance is the mechanical resistance of a compact powder without sintering. This characteristic 

is very important in BJ processes, since it determines the ability of a green compact to maintain its size 
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and shape before sintering. The higher this is, the better, since it will be possible to work with the piece in 

green without it losing its shape, for example in the cleaning operation of the pieces after curing. 

The green strength of a compacted powder is promoted by: 

 Increase in the roughness of the surface of the particles, since there are more places available for 

mechanical interlocking; 

 Increase of the dust surface. This is accomplished by increasing the irregularity and reducing the 

particle size; 

 Decrease in the apparent density of the powder. This is a consequence of the first two factors; 

 Decreased oxidation and contamination of the surface of the particles. 

 Increased green density (or compaction pressure); 

 Decrease in the amount of certain interfering additives. For example, the addition of small alloying 

elements or lubricants, avoiding mechanical interlocking. 

In the case of BJ, the green strength is not defined by these parameters since the green piece maintains 

its shape due to the binder's curing process. Even so, it is important to take into account the above, since 

the remaining powder (without binder) in the bed may undergo compaction. If the green resistance of the 

powder is studied, the cleaning difficulty and the possibility of forming agglomerates can be predicted. 

These agglomerates are not desirable since the unused powder will be reused to reduce costs. 

The standard green strength test is a flexural strength test using a rectangular sample of the following 

dimensions 12.7 x 31.7 mm and 6.35 mm thick. The sample resistance is calculated from the tension 

necessary to break the sample, as shown in the following equation (Eq. 14) 

𝑮𝒓𝒆𝒆𝒏⁡𝒔𝒕𝒓𝒆𝒏𝒈𝒕𝒉 =
𝟑 · 𝑷 · 𝑳

𝟐 · 𝝎 · 𝒕𝟐
⁡(N/𝒎𝒎 𝟐) 

Eq. 14 

Where P is the breaking load expressed in Newton; L is the distance between the support bars in mm; t is 

the thickness and w is the width of the sample, also in mm. 

Table 9 shows the relationship between green strength and compaction pressure for various types of iron 

powders. 
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Table 9. Green density and green resistance as a function of compaction pressure for various types of iron 

powders. [182] 

Powder 
Compaction pressure 

(N/mm2) 
Green density 

(g/cm3) 
Green strength 

(N/mm2) 

Sponge (contained 1% Zn state blended 
in) 

415 
550 
690 

6.2 
6.6 
6.8 

2100 
3200 
4100 

Atomized sponge (contained 0.75% Zn 
stearate blended in ) 

414 
550 
690 

6.6 
6.8 
7.0 

1900 
2700 

- 

Reduced (contained 1% Zn stearate 
blended in) 

415 
550 
690 

6.5 
6.7 
6.9 

2300 
3000 
3500 

Sponge (contained 1% Zn stearate 
blended in) 

415 
550 
690 

6.6 
6.7 
6.9 

2700 
3600 
3900 

Electro (this one was isostatically 
pressed) 

415 
550 
690 

6.3 
6.7 
7.0 

4600 
6200 
7800 

 

3.2.5. Thermal properties 

The Thermal Analysis Service encompasses all the analytical techniques that study the thermal behaviour 

of materials. The transformations experienced by the materials can be studied and analysed by measuring 

the variation of different properties of matter, in a controlled atmosphere, as a function of temperature. 

Properties include weight, dimension, power consumption, differential temperature, dielectric constant, 

and other less common attributes. [277] Below is a table with different material properties and the 

technique used to assess its dependence on temperature. 

Table 10 Material properties and their dependence with temperature. 

Property Technique 

Mass Thermogravimetry (TGA) 
Temperature Differential Thermal Analysis (DTA) 

Enthalpy Differential Scanning Calorimetry (DSC) 
Dimensions Thermodynamic 

Magnetic properties Thermomagnetic analysis (TMA) 
Electric properties Thermoelectrometry 
Particle evolution Thermoparticles analysis (TPA) 

Therefore this thermal analysis will serve to carry out decomposition and oxidation studies of the particles; 

determine the content of moisture, volatile matter, fixed carbon or organic matter that may be adhered 
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to the surface of the dust particles; study phase changes; determine the temperatures and enthalpies 

characteristic of the material; measure heat capacities; measure the thermal conductivity and finally, the 

coefficient of thermal expansion. 

3.2.6. Other properties 

3.2.6.1. Pyrophorocity and Toxicity 

A pyrophoric substance is a substance that reacts with water, becoming spontaneously inflamed when it 

comes into contact with water or humid air. These materials can be safely handled in argon or nitrogen 

atmospheres (with some exceptions). Pyrophorocity is a potential hazard for many metals, including the 

most common types, as long as they are in a powder state. This is due to the large proportions of surface 

area between volumes, which makes the material more reactive since there is more area in contact with 

the air. 

An empirical explosive index (EI) is used to rate the relative risk or danger of a dust, classifying the dust in 

the following groups: none (EI=0), weak (EI<0.1), moderate (EI€ [0.1-1.0]), strong (EI€ [1.0-10.0]) and 

severe (EI>10.0). The explosibility index (EI) is related to the sensitivity to ignition and the severity of the 

explosion. Ignition sensitivity is assumed to be a function of ignition temperature (Tign.), minimum ignition 

energy (Emin. ign.), and minimum explosive concentration (Cmin.). The severity of the explosion is assumed a 

function of the maximum explosion pressure (Pmax. expl.) and the rate of pressure rise (∆Pmax.). Ignition 

sensitivity, explosion severity, and explosibility index are defined as the unit for a powder that has ignition 

and explosion characteristics similar to those of Pittsburgh vein coal and are calculated as follows[278]: 

𝑰𝒈𝒏𝒊𝒕𝒊𝒐𝒏⁡𝒔𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 =
(𝑻𝒊𝒈𝒏. · 𝑬𝐦𝐢𝐧. 𝒊𝒈𝒏. · 𝑪𝒎𝒊𝒏.)𝑷𝒈𝒉.⁡⁡𝒄𝒐𝒂𝒍⁡𝒅𝒖𝒔𝒕

⁡

(𝑻𝒊𝒈𝒏. · 𝑬𝐦𝐢𝐧. 𝒊𝒈𝒏. · 𝑪𝒎𝒊𝒏.)𝒔𝒂𝒎𝒑𝒍𝒆⁡𝒅𝒖𝒔𝒕

 
Eq. 15 

𝑬𝒙𝒑𝒍𝒐𝒔𝒊𝒐𝒏⁡𝒔𝒆𝒗𝒆𝒓𝒊𝒕𝒚 =
(𝑷𝒎𝒂𝒙.⁡⁡𝒆𝒙𝒑𝒍 · ∆𝑷𝒎𝒂𝒙.)𝒔𝒂𝒎𝒑𝒍𝒆⁡𝒅𝒖𝒔𝒕

⁡

(𝑷𝒎𝒂𝒙.⁡⁡𝒆𝒙𝒑𝒍 · ∆𝑷𝒎𝒂𝒙.)𝑷𝒈𝒉.⁡⁡𝒄𝒐𝒂𝒍⁡𝒅𝒖𝒔𝒕

 
Eq. 16 

𝑬𝑰 = 𝒊𝒈𝒏𝒊𝒕𝒊𝒐𝒏⁡𝒔𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 · 𝒆𝒙𝒑𝒍𝒐𝒔𝒊𝒐𝒏⁡𝒔𝒆𝒗𝒆𝒓𝒊𝒕𝒚 Eq. 17 

Table 11 shows the explosive index of some metallic materials depending on the size of their particles. As 

previously discussed, the chemical reactivity of a material increases as the ratio of surface area to volume 

increases. For this reason, many materials that do not normally ignite when combined with oxygen when 

presented in large sizes, behave differently when reduced in size, igniting. Variation in explosibility index 

for a given material is attributed to differences in composition, particle size, particle shape, and to the 

variation in reproducibility with the test equipment. 
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Table 11. Ignition and explosibility of metal powders[278]. 

Material Size (µm) approx. Index of explosibility 

Aluminium atomized 44 >10 
Al-Mg alloy 44 >10 
Magnesium 74 >10 

Titanium 10 >10 
Iron Carbonyl 74 1.6 

Boron 44 0.8 
Chromium 44 0.1 
Manganese 44 0.1 

Molybdenum 74 <<0.1 
Cobalt 44 <<0.1 

Tungsten 74 <<0.1 
Stainless steel - 0 

 

On the other hand, the toxicity of the powder is normally related to the inhalation or ingestion of the 

material and the resulting toxic effect on the human body. Table 12 shows data on the typical maximum 

allowable levels of dust in the human body. 

Table 12. Typical maximum levels for occupational exposure (8h/day)[279] 

Material Concentration (µg/m3) 

Plutonium 0.0001 
Beryllium 2 

Nickel-carbonyl 7 
Uranium 80 

Chromium oxide 100 
Mercury 100 
Arsenic 500 

Zirconium oxide 5000 
Iron oxide 15000 

Titanium oxide 15000 
Zinc oxide 15000 

The tests carried out to determine the reactivity of powders are detailed in the following standards of the 

National Fire Protection Agency (NFPA) [280]: 

 NFPA 484, Chapter 4, Part 4.3 Determination of Combustibility 

 NFPA 484, Chapter 4, Part 4.4 Explosiveness determination 
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4. Influential Factors in BJ technique. 

For several years, studies related to AM (for example, processing parameters, optimization, 

microstructural evolution, mechanical behaviour, heat-treatment and post-processing effects on 

properties) have been carried out. The Figure 43 illustrates that the number of articles published reached 

the end of 2019 the amount of approximately 31,000 articles. 

Despite the large number of AM-related studies, there is a lack of detailed information on process 

parameters, structure, properties, and challenges of binder injection, one of the non-fusion metal AM 

technologies. This is demonstrable in Figure 43, where it is shown that the papers published on this 

technology only represent approximately 2% of the total published in relation to AM. 

 

Figure 43.  A comparison between numbers of (a) 3D printing and (b) Binder jet and inject papers published in 

peer-reviewed journals per year. 

It is true that there is a basic understanding of the underlying principles that govern the printing process 

and affect the properties of the material before, during and after it. Many of these principles are based on 

established knowledge that exists in powder metallurgy (PM) and other AM processing methods that use 

powder (for example PBF) [214, 281-284]. However, a more exhaustive study is needed to understand the 

various factors that potentially influence the quality of the final part manufactured using the BJ metal 

technique. Some of these factors are the physical characteristics of the binder and the powder, the 

wettability of the powder material to the liquid binder, the properties of the powder bed, the way the 

powder is distributed or the way the binder is printed. [85, 173, 285-288]  
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Because binder injection is a very promising AM technique, this chapter will give an overview of everything 

currently discovered in relation to this technique. The factors or parameters to be addressed in this 

chapter can be classified into the following groups:  

 Powder characteristics, such as powder morphology, mean size and particle size distribution, 

surface characteristics, powder chemistry, fluidity, packaging and wettability and their effects on 

the binder injection process. 

 Binder (for example jetting and wetting behaviour, binder viscosity and volatility), 

 Print processing parameters, such as layer thickness, binder saturation, the drying and curing 

time, the temperature, the orientation of the printing and the printing speed. 

4.1. Optimal characteristics of the metal powder 

BJ is still a relatively new technology with a lot to learn about what the requirements are for raw materials. 

Understanding process requirements and materials science will serve to increase performance. 

The characteristics of the powder strongly influence many aspects of the BJ process operations, the 

properties of final parts and, consequently, the final economy of the process. That is why the need arises 

to study the effect of powder characteristics on the repeatability, reliability, and consistency of 3D printed 

samples using BJ. In addition, it will serve to accelerate the development of new materials and thus reach 

new markets. [132] 

Recently, ASTM F3049-14 entitled "Standard Guide for Characterizing the Properties of Metal Powders 

Used for Additive Manufacturing" was introduced into the standardized powder characterization criteria 

for AM metal. However, additional advice is needed based on the experience of powder working 

processes[17]  

The main characteristics of the powder typically studied in AM include: 

 Shape/morphology. 

 Mean size (d50) and particle size distribution (PSD), 

 Flow (Hall Flow) and spreadability. 

 Packing density (skeletal and/or apparent). 

 Bulk and surface chemistry / composition. 

Interconnecting the properties of the individual powder particle with the behaviour of bulk powder, 

process performance, and ultimately with the properties of the final part is a difficult task, due to the fact 

that some properties of dust particles can have opposite effects in the properties of the next level. It is 

true that studies have been carried out that determine the optimal characteristics that dust particles must 
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have in order to obtain final parts with the best properties and as reproducible as possible. [287, 289, 290]. 

Table 13 reflects this influence and indicates whether the effect is positive (+) or negative (-).  

 

Table 13 The influence of the powder properties on different aspects of part quality based on the cited literature. 

“+” denotes a positive effect, “-“ a negative effect and “0” for demonstrated no effect.[222] 

  Part density 
Surface 
quality 

Mechanical 
properties 

Accuracy 
Internal 

build flaws 

PSD 

Narrow   +  [291]   

Wide + [248, 291] +  [291]    

Coarse  -  [292, 293] 
-  [292] 
0  [224, 294] 
+  [295] 

- [292] -  [292]  

Fine 
+ [258, 295, 
296] 

 -  [222]  -  [297] 

Bulk 
density 

Low -  [291] -  [294]   0  [222] 

High + [214, 294]  +  [294]  +  [294] 

Flowability 
Low      

High   +  [294]  +  [294] 

 

 

4.1.1. Powder morphology 

Powder morphology governs processability in BJ technology. Compared to powder metallurgy where 

irregularly shaped powder, obtained by water atomization, was generally used, in AM powder bed 

processes, particles with spherical morphology (obtained by gas atomization) are preferred. In this way, 

the density of the powder bed (Figure 44) increases since a lower roughness generally correlates with less 

friction between particles that improves fluidity. 
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Figure 44 A) Micrographs of individual powder materials with various shape and surface features, produced using 

gas atomization; B)Effect of powder morphology on apparent density (this assertion is only true 

when held to a fixed particle size).[19] 

Much of the research on the relationship between the properties of the powder and the final 

characteristics of the part printed by BJ have concluded that the morphology of the particles is an 

important factor. However, no agreement has been reached regarding its effect on the process and/or on 

the properties of the final part. This same argument was defended by Schulze et al., who affirms that the 

shape of the particle affects the flow properties, but general statements are not possible. For coarse 

particles, smooth spherical particles often flow better than rough, sharp, and non-spherical particles. But 

in the case of fine particles, which are cohesive and among which the adhesive forces play an important 

role, the rough particles may exhibit a more favourable flow behaviour [245]. 

The relationship between particle morphology and powder fluidity is confirmed by other authors, 

including Inaekyan et al. [298]. In their work, they compared the BJ impression of pure iron powder 

obtained by water atomization with another gas atomized powder and they showed that the lower the 

circularity and the broader the distribution of the particle size, a less fluidity and a lower packing of the 

powder and, therefore,  a  greater porosity in the pieces after sintering. On the other hand, the results of 

Spierings et al reached the same conclusion [246]. 

However, the research by Pohlman et al. revealed that PSD may be a more important factor in fluidity 

than particle shape [260]. Karapatis summarizes from a literature review that sphericity is favourable for 

good flow behaviour, optimal packing density, and performance in the layer deposition process [248]. 

On the other hand, Strondl et al. studied the effects of recycled powder, discovering recycled powder 

exhibits less fluidity compared to new powder. This event is due, as you can read in your study, to the fact 

that the recycled dust particles show impact marks (a more irregular morphology)[224] 

In reference to some final properties of the part, such as ductility, morphology is not considered a 

significant factor.  
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To sum up, although it is clear that morphology has an impact, it will be difficult to quantify it and build an 

unequivocal relationship with the performance in the process and the property of the final part. Although 

currently there are multiphysical models that serve to study these influences in a theoretical way. [299] 

4.1.2. Particle Size Mean and Distribution 

PSD and mean particle size are important parameters in BJ processes, affecting flow capacity, pore size 

distribution and uniformity of powder bed density, thus altering the penetration of the binder drop. . 

As already explained in the chapter where the properties of metallic powders were explained (page 71), 

both the size of the particle and the PSD are characteristics of the powder due to the production process, 

they are not inherent properties of the material, just as than morphology. 

Normally the minimum particle size is in the range of the sub-micrometres, and its maximum value 

corresponds to 150 µm. These values depend on the characteristics of the BJ printer, such as its capacity 

or the resolution of the print head. Industries that are familiar with manufacturing parts using metal 

powders use fine powders with a mean size of fewer than 30 μm. Although it is true that there are 

currently many of these examining larger powders to meet commercial objectives [16]. 

Due to the experience in other manufacturing techniques that use metallic powder, there is an extensive 

study on the effect of these properties (size and PSD) on some specific characteristics of the process, such 

as the packing density of the powder bed, the fluidity and distribution of powder [258, 292, 295, 296, 300, 

301]. But, conversely, there is limited study on the effect of PSD on the quality of green and/or post-

processed structures manufactured by the BJ process [173, 288]. 

In this section, all the results of the different studies will be summarized. The consequences of using fine 

or coarse powder and PSD will be discussed. Although it is true that drawing conclusions to obtain the 

optimal configuration will be difficult, as will be seen below.  

First, we will proceed to detail the influence of particle size, exposing the different results of working with 

large and thick particles or, on the contrary, smaller and fine particles. 

On the one hand, if it works with small dust particles (less than 20 µm), there will be a greater surface area 

and, therefore, a higher energy state. In other words, the reaction rate will be greater in small and fine 

particles than in large ones. This leads to faster sintering densification and reduced process time. 

Verlee et al.[302] confirmed that the small powder particles (22 µm and 31 µm) had a higher energy state 

because they began to densify at lower sintering temperatures compared to coarse particles. Neira Arce 

A. also reached this conclusion, determining that smaller particles show higher thermal conductivity [303]. 
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Another advantage of using small size powder is its greater packing capacity. If the density of the powder 

bed is higher, the sintered part density will also be. At the same time, there will be a smaller linear 

shrinkage. Verlee et al also demonstrated that the percentage of porosity decreased significantly for fine 

dust particles. 

A smaller powder particle size (particles smaller than 20 μm in size) also appears to be beneficial for the 

surface finish of manufactured parts, as well as for higher mechanical properties and densities of sintered 

parts. they are due to the following factors [304] 

 Greater points of contact between the particles. 

 Greater retention capacity of the binder due to the greater number of bonding points. That is, the 

smaller particles cause a slower flow of the binder between the powder bed, and therefore a 

greater capillary force will be required for the binder to flow and spread. 

H Miyanaji et al noted that printed parts with the smallest mean particle sizes resulted in better surface 

finish and higher final densities after sintering because the particles are better packaged [288]and the 

ladder effect decreases [173, 301]. Another reason for such improvements to occur is that a small powder 

particle size facilitates the expansion of the droplets due to the smaller pore sizes. Admittedly, this can 

reduce the precision of fabricated structures as demonstrated in some studies [287, 305]. They also 

obtained final pieces with greater hardness using smaller dust particles. 

But not everything is positive with the small particles use, it was also shown that with small particles, the 

vertical penetration of the binder will be less since the pores are smaller, which implies less permeability 

than the use of larger particles, as previously explained. Furthermore, the dimensional precision, the 

roughness of the surface, and the density of the green part are worsened by small particles [288]. Not 

forgetting that fine powders show a greater tendency to agglomeration and a lower flow capacity due to 

the large surface area and their nature to easily absorb moisture[304] 

As a note of caution, special care should be taken when using powder smaller than 15 µm in size due to 

its ignition ability. 

 

On the other hand, dust formed with larger particles has a greater flow capacity and a lower surface area. 

[304] From some studies, it appears that the surface roughness of the sintered parts is directly 

proportional to the size of the particles. Some authors attribute this to the increase in peak-to-valley 

ranges in dust beds formed by large particles [258, 306, 307]. This is not consistent with the trend observed 

in the green parts, where the large particle size seems to be beneficial for the dimensional accuracies and 

densities of the green parts. Therefore, while the powder with larger particles is favourable for higher 
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geometric precision of the green parts, they are likely to result in weaker or slower sintering kinetics and 

inferior qualities in the sintered parts. 

 

Some of the conclusions drawn in relation to the effects of the PSD will be exposed making a comparison 

between its amplitude (wide and narrow) and its shape (unimodal and multimodal). 

It is known that the wider the PSD, the more heterogeneous will be the distribution in the powder bed, 

having to allow more time for the fluid binder to fully penetrate. The penetration time of the binder 

depends on the size of the space between the particles. The greater the size of the space (macro-spaces), 

the curvature of the flow front decreases and, therefore, the fluid (binder) decreases its forward speed. 

There is a limit situation where the fluid completely stops its advance through this channel and proceeds 

to advance through neighbouring microholes or microchannels. This event is not desirable as the 

macrohole will be empty and becomes a pore of the green piece (Figure 45). [308, 309]. It is for this reason 

that a wider PSD decreases the densification factor during sintering, having the printed part larger pore 

sizes. [302] 

 

Figure 45 Illustration of fluid binder penetration within homogeneous and heterogeneous distributed powder 

bed. 

On the other hand, wide distributions have the advantage of resulting in higher powder bed packing 

densities [291]. 

 

Conversely, a more evenly distributed powder bed (narrow PSD) can provide more channels for the liquid 

binder to penetrate. Therefore, optimizing the powder size distribution can help reduce numerous 

printing related problems. Furthermore, Liu et al. connects a narrower PSD with a higher tensile strength 

and higher hardness on the sintered parts as the densification factor on the sintered will be higher [291]. 
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Among the few studies on the effect of the PSD shape, we find the study by Miyanaji et al.[310] In this two 

dust samples were compared, one with a monomodal distribution and the other bimodal. The results 

obtained were that the bimodal presented a higher packing density and, consequently, the sintered piece 

showed smaller pores. This occurs due to capillary pressure, explained above, which is higher in channels 

with smaller diameters [311]. In contrast, the monomodal distribution sample had a greater surface area 

and, therefore, a greater porosity. 

Other works corroborate the relationship of the density of the packaging with the shape of the 

distribution. These establish that a bimodal PSD, with a mixture of 25% by volume of nanoparticles and 

75% of microparticles, increases the packing capacity, increasing the green density [245, 249, 259, 312]. 

This phenomenon can be explained by the "roller bearing effect", where the nanopowders fill the 

interstitial spaces between the micropowders, effectively increasing the packing density of the raw 

material during mixing [249, 259, 312], and also played a decisive role in the entire sintering process 

improving densification but suppressing grain growth [245]. 

Finally comment that Spierings et al. They corroborated that the PSD must be biased in the direction of 

fine particles, as the finer particles fill the gaps between the coarser ones, leading to higher part densities 

and improved surface qualities, while the larger particles can be beneficial for higher elongations at break 

[258]. 

4.1.3. Packing Density 

The packing density of the powder is a parameter that refers to the ability of the dust particles to organize 

themselves in the powder bed after being spread by the roller (or failing that, another type of gadget), 

optimizing their contact as much as possible among them. That is why the packing density determines 

many outcomes of the process. 

The relationship between the packing density with some process parameters and with the properties of 

the final part is very clear. Contrary to PSD, it has the same effect on the different factors studied, which 

is why most of the authors tell us that a high packing density should be sought. 

A higher packing density in the powder bed decreases the number of voids between particles within the 

bed; therefore, the porosity of the green part is also lower. As a result, the resistance of the piece in green 

increases[308] . In some works, it was shown that under a relative packing density of less than 90%, the 

voids in the part were mostly connected while, with densities of over 90%, the voids were mostly closed 

or the holes were not interconnected. These types of voids can theoretically improve part density while 

reducing shrinkage during sintering  [173, 313, 314] Therefore, the powder packing density determines 

the pore or void volume within the powder bed that can be filled with the liquid binder, which in turn 

influences the mechanical properties and quality of the final part. 
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In summary, an important consideration is the influence on the mechanical properties of the final product. 

It was shown that the higher the packing density (higher packing factors), the greater the mechanical 

resistance [294] and the Vickers [315-317], which can be easily explained by the effect of microstructural 

porosity previously discussed. 

The quantitative and qualitative knowledge of the packing density will serve to establish some process 

conditions such as the quantity of binder supplied. It is also possible to work in reverse, that is, to modify 

the packing density of the powder so that it adjusts to the working conditions. 

Various parameters influence the behaviour of particle packing, including powder morphology, mean 

powder size, particle size distribution (PSD), interparticle forces, powder surface chemistry, and powder 

fluidity [318]. Actually, the packing density of a powder is mostly a function of its PSD, but other factors 

that are not intrinsic to the powder also influence, such as the selection of the distribution method (the 

properties of the roller/rake) or the thickness of the layer [319-322]. Next, different ways of adjusting the 

packing density will be explained using the most common control variables: the morphology and PSD of 

the particles, the thickness of the layer and the mechanism of distribution of the powder. 

The intrinsic characteristics of the dust. 

The effect of mean particle size was shown to have less significant effects on powder packing density[290, 

323], while PSD and particle morphology are some of the most important factors[169]. In contrast, for 

very small particles, a very influential factor is interparticle forces, which have a negative impact on the 

packing density of the powder. 

A wide (moderated) PSD favours higher packing densities compared to a narrow PSD [167,168]. This may 

be due to the effect of filling a vacuum/hole with small particles [290, 324-327] 

In general, adjusting the powder packing density can be accomplished by adding fine powder particles 

creating a biased or multimodal PSD. 

Using multimodal powder is an effective way to increase the density of the powder bed where coarse 

particles ensure fluidity while fine powders fill the spaces between large particles to improve the density 

of the powder bed [108, 306, 328]. ] A bimodal PSD is created by mixing two sizes of dust particles in a 

given ratio of volume, and making these bimodal powders produce much higher packaging factors than 

monodisperse raw materials [329, 330] . The bimodal approach may be more desirable to increase the 

behaviour of powder packaging than a broad PSD due to the fact that gap sizes are characterized by default 

by the largest particles in a bimodal PSD[323, 331] l compared to a random distribution of spaces in a wide 

PSD [19].  Since the fluidity of the powder can change due to the addition of new powder, it is required to 

optimize the fine to coarse powder ratio in a bimodal PSD powder. Next, according to some authors, 

different bimodal PSD configurations and their effect will be exposed. 
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Zhu et al. [332] showed that increasing the fine particles by 10% could improve the bulk density of the 

powder bed from approximately 77% to 88%. In contrast, McGeary [333] suggested that a mixture of 

coarse and fine powder with a 10: 1 ratio (coarse / fine) can lead to a maximum packing fraction of 

approximately 82%. Other authors also suggested a 7: 1 coarse and fine particle ratio configuration, 

respectively [333]. The result was a packing factor of 0.868, although the actual packing density may be 

much lower due to inhomogeneity and other factors[334, 335]. All of these powder packing density 

enhancement mechanisms based on powder morphology and PSD can currently be performed using 

computational simulations to optimize particle packing more efficiently and effectively. [323, 336-341]. 

These calculations are based on the theoretical calculation of the packing factor of a bimodal powder 

mixture [334] (Eq. 18): 

 

𝒇∗ = 𝒇𝑳 + (𝟏 − 𝒇𝑳) · 𝒇𝑺 Eq. 18 

Where: 𝑓 * is the maximum packing density (theoretical), 𝑓𝑠 is the smallest fractional powder packing 

density and 𝑓𝐿 is the largest fractional powder packing density. 

 

However, it was found that when using a bimodal PSD, the sintering density did not improve as the larger 

particles in each mixture formed a rigid structure and prevented densification [171]. Furthermore, there 

is a study, carried out by Zhou et al. [162], the results of which are opposite to those previously 

commented, since the addition of fine powder decreased the packing density of the bed. These results 

could be reached since the ratio between the coarse and fine particles was not adequate. As Figure X 

shows, the packing density (f*) as a function of the large and small particle fractions reaches a maximum 

value, corresponding to the maximum density (f*) for a homogeneous mixture, this value being much 

higher than the value obtained by the mixture density rule (Eq. 18) 
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Figure 46. Influence of powder size and PSD on packing density for a bimodal mixture, showing different possible 

structures. [42,178]. 

The types of layers and the mechanism used to spread the powder. 

Experimental and theoretical research carried out on optimizing the formation of dust layers in three-

dimensional printing (3DP) confirms that the thinnest dust layers are suitable in many aspects, such as 

precision, surface quality and densification[342-347] .. However, conventional layering methods such as 

counter-roll (CR) layering or grout-based layering do not allow the creation of a flawless thin layer, with 

defects such as formation of cavities, misalignment forming a sinusoidal profile (waves and ripples) in the 

bed or partial displacement in some areas. For the first time, Lee [348] used a double smoothing (DS) 

mechanism to spread each layer. The operation of this dust dispersion mechanism is shown in Figure 47. 

To start, the printing platform lowers its height by a greater distance to the desired layer thickness. Once 

this step has been carried out, the layer is dispersed according to the CR method. Thus, a layer of 

provisional powder with a thickness greater than that desired is formed. The platform is then raised a 

distance corresponding to the excess added in the previous step. After this operation, a second smoothing 

CR is carried out, finally leaving a thin powder layer of thin thickness, of only about 55 µm [349]. It was 

shown that by CR layer thicknesses greater than 55 µm are obtained; however, the DS method could help 

spread the powder with a lower layer thickness of 55 µm. [349]That is why the green pieces obtained 

using a DS distribution method had a higher green density [193]. In addition, it was achieved that the 

variation of the localized density between the top and bottom was less than in CR. These experimental 

results are supported by studies of the theoretical foundation [321, 349, 350]. It should be mentioned that 

with this procedure the cavity defects were solved although the wave effect in the bed did not disappear. 

[W37]. It is for this reason that new powder dispersion procedures are being investigated, which allow the 
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defects obtained with CR and DS to be solved, but which maintains the mechanical simplicity of these two 

mechanisms, such as those known as Blade Vibrational spreader or Top Filling mechanism[351, 352]. The 

first consist in distribute the powder by means of a vibratory system (about 20 kHz) which deposits the 

powder evenly on the bed. The second, on the contrary, takes advantage of the effect of gravity to 

distribute a thin layer of dust, that is, it is like a hopper-carriage. Addressing this topic is beyond the 

purpose of this chapter; therefore, more details of these mechanisms will not be given. 

 

Figure 47. Schematic diagram of a double smoothing (DS) mechanism used to spread the powder. 

 

4.1.4. Flow and Spreadability 

Powder flowability is an important factor in AM technologies that use powder; in particular, flowability in 

BJ dictates the ability of the powder to deposit in the powder bed consistently. 

In other words, a high flow capacity will imply a good distribution of the powder, being able to form on 

the bed a thin, homogeneous layer with a dense packing. Consequently, there will be a significant 

improvement in print resolution, dimensional accuracy, and density of a printed part (density in green). 

Conversely, poor powder fluidity will have the opposite effect, causing uneven powder dispersion and 

uneven powder bed surface, undesirable in BJ [353]. 

Therefore, in BJ we will look for the powder to have good fluidity. A higher degree of fluidity (FRI) is defined 

by lower basic flow energy (BFE) and lower specific energy (SE). BFE depends on many physical properties 

of dust particles such as their size, shape, and surface roughness. In contrast, SE is directly proportional to 

the cohesiveness of the powder. A low BFE and low SE powder is easy to displace because of the ease with 

which the particles move over each other, and this powder is more likely to have low bulk density (CBD). 

The CBD depends on morphology, size, and distribution of particles. A greater degree of fluidity will also 

be obtained when the stability index (SI) is closest to one [354]. 
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As indicated in the previous paragraph, these terms depend on different physical and chemical 

parameters, including the morphology of the powder, the average size of the particles, the distribution of 

the size of the powder, the morphology of the surface of the powder (roughness). , the packing of the 

powder beds (the density of the bulk material), the composition of the powder, the cohesiveness of the 

particles, the temperature, and the environmental conditions [294, 355-358]. 

Prescott et al. defined the term "flow property" as specific characteristics of the powder particle or bulk 

powder that affect the flow and can be quantified. Next, the “flow properties” that have the most 

influence on the powder flow will be explained. [243] 

The morphology of the powder is described in terms of "regularity". The more regular and/or more 

spherical the powder, the higher the packing density, as already mentioned in the previous section (page 

96). This is due to the fact that said powder has a better flow capacity [218]. In contrast, irregularly shaped 

particles, such as those obtained by spraying with water, show little fluidity due to a greater adhesion 

between particles caused by the mechanical interlocking of angular particles [267, 359]. 

On the other hand, it is well known that the particle size directly influences the fluidity of the powder 

material. Figure 48 shows the linear dependence of the flow capacity (ffc) with the average particle size. 

 

Figure 48. Dependency of flowability (ffc) on median particle size [353, 360] 

As the average powder size decreases, there is a greater tendency for dust to agglomerate, and therefore 

the particle flow capacity decreases. This is because the surface/volume ratio is greater and therefore the 

attractive forces between them are greater too. By forming the agglomerates, groups of the dust of 

irregular morphology, instead of filling the voids present in the bed of dust as do the disaggregated fine 
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particles, act as coarse irregular particles.[360]. These types of problems were corroborated by Chen et 

al.[361], who reported that when the particle radius is greater than 21.8 μm, the fluidity of the powder is 

better and therefore the quality of the powder bed as well. As the radius of the particles decreases, the 

impact of the Van der Waals force increases and worsens the fluidity of the powder, reducing the quality 

of the powder bed in the layers. 

For this reason, it can be concluded by saying that fluidity generally improves with the use of coarser 

particles [224, 245, 248, 260, 294, 295] and with the decrease in the width of the PSD [245, 260, 362, 363]. 

Regarding the impact of the surface chemical properties of the particles on the behaviour of the powder 

flow, it should be mentioned that the greater the reactivity of the particles, the worse their fluidity. It is 

worth noting that agglomerates are defined as loosely bonded particles that bind together under van der 

Waals forces, while aggregates are considered to be made up of particles that are bonded together by 

solid bridges [268]. The formation of any of these configurations will be desired for the optimization of the 

fluidity of the powder. A factor that also influences is humidity. Specifically, fluidity decreases with 

increasing moisture content until saturation with liquid [218, 245, 252, 363, 364]. 

4.1.5. Powder segregation 

In AM technologies, the powder used in each layer that forms the part must have the same properties and 

be distributed correctly, or what is the same, the layer must be homogeneous and identical to the rest of 

the layers. This guarantees the reproducibility of the pieces since if each layer were different or in the 

same layer there were different sections (either powder of different sizes or compositions) the printing 

parameters should be adjusted differently, making the process more complex since that a series of specific 

drivers would be needed. One way to alleviate this problem is to ensure good mixing (homogeneous 

mixing), even though of this, the properties of the powder together with the influences of different forces 

are likely to result in the segregation of the powder. 

Segregation, therefore, is one of the most common problems regarding the quality of the final product 

when working with dust. 

There are different types of segregation [365, 366]: 

 Segregation by size occurs when there are significant variations in the size distribution of the 

particles that compose it. 

 Segregation by shape, when the product presents important variations in the distribution of the 

shape of the particles 

 Density segregation occurs in a mixture of different products. The densest component has been 

separated from the least dense component showing significant variations in the composition 

distribution. 
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Segregation occurs in different magnitudes, depending on both the handling technique and the physical 

characteristics of the powder (size, shape, and density). Material is all the more prone to segregation 

during handling the greater the difference between its powders. 

Segregation can occur during various steps in the printing process, such as during media preparation (pre-

mixing), during powder loading into the printer and dust movements within the printer, and during 

handling and dispensing of these in the impression bed. Among the various mechanisms that produce 

segregation, the most common in powder bed additive manufacturing are shown below [322, 367-370]. 

 Path segregation occurs when a mixture of particles is in motion, leading to the difference in body 

forces or gravity (which is proportional to the mass of the particle) and the drag force of the air 

(which is correlated with the diameter of the powder). Typically, air entrainment is the dominant 

force for small, light particles, while body forces are dominated for large, heavy particles. 

Therefore, as the powders are in motion, the particles follow various paths depending on their 

size and density, causing segregation. 

 Sieving segregation and percolation segregation occur when the smaller particles move down 

between the spaces of the larger particles, leading to a higher concentration of small particles at 

the bottom. The difference between the two is that the sieving mechanism occurs mainly during 

the 3D printing process where the powders are in motion, while the percolation mechanism 

occurs when the powders are stored, known as sedimentation. 

 Expulsion segregation is due to a density gradient, where the denser particle due to the gravity 

effect tends to go to the bottom during transport, in addition to pushing the less dense particles 

aside. This type of segregation is challenging when 3D printing mixed powder of two or more 

compositions to make composite parts. 

 The segregation by lamination takes place because of the friction force between the particles and 

the roller or the instrument used for the dispersion of these. Particles that have a greater area of 

contact with the roller (smaller, irregular particles ...) will be exposed to greater friction, which 

will cause a separation between them and those that are subject to less friction. 

4.1.6. Others 

4.1.6.1. Chemical composition 

It is obvious that the actual composition of the dust particles will influence not only the final properties of 

the final part but also the moisture adsorption profiles and the interaction forces between particles, as 

described in various previous sections. 

The composition is not altered during the printing process, or should not be altered. Although it is true 

that there is an exception regarding one element, oxygen. The oxygen content increases over time by 
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58.8% of the expected level in the powder delivery condition. With increasing oxygen concentration, a 

degradation of the ductility and toughness of the material is observed, in addition to a slight increase in 

porosity [371, 372]. The correlation between oxygen content and impact resistance is known from studies 

carried out on different powder materials subjected to hot isostatic pressing, typical in powder metallurgy 

[373-376]. 

The formation of these oxides may possibly be related to various problems, such as the high oxygen 

content of the starting powder, the high oxygen content in the deposition chamber, and the non-regulated 

flow of shielding gas or the non-use of this, in the case of BJ technologies. 

 Therefore, it can be concluded that the appearance of rust during the process will complicate it. On the 

other hand, the formation of oxides is not only important but also the type of oxides formed and their size 

is very important. 

4.1.6.2. Recyclability 

Most of the dust is reused in subsequent construction work. This fact makes the process resource-

efficient. Summarizing, the literature findings, an effect on the properties of the powder is observed but 

the effect on the quality of the final part is, in most cases, negligible. Research on the recyclability of dust 

and its effect on the BJ process has been little studied compared to other AM techniques (PBF) [377-382]. 

This is because, as an advantage, the BJ process works at room and atmosphere temperatures, reducing 

the problems related to oxidation, residual stress, elemental segregation and phase changes, which causes 

dust around the parts in the construction box is highly recyclable [383]. That is why most research has 

focused on the recyclability of dust for PBF processes, which is highly influenced by the amount of thermal 

exposure dust has to the construction environment[384]. 

 

Dust recycling can be done following several strategies[222] : 

 Defined proportion of recycled and new powder: used and sieved powder is mixed with virgin 

powder after each construction in constant proportion  

 Defined proportion of dust recycled from different batches: the used powder is mixed with the 

dust of the same age after each cycle (the cycle is defined here as the sum of the construction 

work after which the mass of dust is reduced from so it is not possible to build more). 

 Recycled powder from the previous cycle: reintroduce the screened powder after each 

construction job without mixing it with other powders. 

 No knowledge of powder: the used and sieved powder is added to the top of the unused virgin 

powder, no mixing is done. 



Introduction to the binder jet technology in additive manufacturing of metals. 

 

  105 

Of the four previous strategies, the most used is the first, since it achieves lower costs in the manufacturing 

process but does not affect the quality of the final part. On the contrary, the last strategy is not at all 

desired, since the properties of the powder are completely unknown, and two powders with different 

properties can even be used in the printing of a piece. This would achieve a piece with different properties 

depending on the printing height. 

4.1.6.3. Safety and reactivity 

As already mentioned in different previous sections, the powder has a high surface / volume ratio. This is 

an advantage in different aspects of the BJ process, such as reducing sintering times. But this high reactivity 

requires additional attention when handling powders due to its high flammability and explosiveness. 

Because of this, whenever powders are used all the safety regulations and instructions must be complied. 

Existing documentation on dust storage safety regulations and personnel safety used for powder 

metallurgy processes can be reused [385]. Still, AM processes face different and novel challenges such as 

emptying and loading the powders into the machines, reusing the powders, and storing them. 

Until now, only metal powders with very low or no reactivity index have been used. However, if you use 

powders with very small sizes, it would be necessary to take the appropriate measures since the 

area/volume ratio would increase so much that your reactivity would be dangerous. Metal powder has a 

high potential for danger due to high combustion temperatures and the production of energy during 

combustion. The reactivity, therefore, depends as much on the chemical composition as on the size of the 

particles and on the way they are grouped. Taking into account the following factors, the USA Office of 

Mines classifies powders according to their reactivity [278]. 

4.2. Binder 

The essence of BJ manufacturing is to use a liquid binder to bond the dust particles together in the 

designated areas on the powder bed. Binder droplets are deposited on the bed surface through a print 

head. After impact, each drop travels through the powder bed due to capillary pressures and, to a lesser 

degree, gravitational forces. Migration of the binder in the powder bed will take place in all directions, 

albeit with different lateral and vertical speeds. As a consequence of this difference in propagation 

capacity, the binder will describe a specific profile. [386-388] 

As can be seen from the description above, the binder is a critical factor in the BJ printing process. For this 

reason, the design or selection of the binder for BJ must be appropriate in order to satisfy the demanding 

demands. 
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Its rheological behaviour (determined by viscosity and surface tension) and its stability are adequate so 

that it, the binder, can perform the following functions[383]: 

1. It must be able to be deposited by means of an inkjet print head, adjusting to the specific printing 

ranges. 

2. It should not solidify (start curing) before being deposited on the bed surface, as it could clog the 

print head or distribution channels/lines. This is achieved by ensuring that the solvents that 

compose it have boiling temperatures much higher than the working temperature (ambient 

temperature). Otherwise, if the polymer chains or the monomers of the binder would start to 

crosslink, that it is known as curing. 

3. The powder bed must be moistened enough for adequate diffusion to occur in the powder bed. 

Although it does not matter that, it flows so much that it ends up migrating or leaking much 

beyond the impact zone. 

4. It must have sufficient bonding strength after curing to provide the green part with strong enough 

structural integrity. Smaller parts and larger features have lower stresses than larger parts and 

finer or more detailed features. 

5. It must be chemically stable at a specific temperature. That is, it must hold the powder together 

until the temperature at which the particles begin to sinter is reached. 

6. It must be able to be pyrolyzed leaving the least trace possible before the densification process of 

the piece in green. [53]. In metals, this is of vital importance since a significant amount of residue 

leads to a change in the composition of the printed material. The polymeric binders when 

disintegrating leave a certain amount of carbon, which, during the sintering process, can diffuse 

the metallic particles. If the carbon content exceeds the specifications of the alloy, the 

microstructure structure will undergo a significant change. 

There are different types of binder depending on their composition. The most requested at BJ are water-

based binders (solvent or water-based). The bond between the dust particles is formed after evaporation 

of the solvent [90]. Another way to classify the binders is based on the bonding mechanism used [389-

392]. 

The profile or impression pattern that the binder will assume in the powder bed will be conditioned by 

different variables. These variables can be variables that affect the droplet ejection operation, variables 

that affect drop migration from the head to the powder bed or, once the drop has already impacted on 

the surface of the bed, variables that affect the migration of the binder through the bed. In this section, 

these variables will be studied and exposed, among which we will find the properties of the binder 

(morphology or rheological properties of the binder), the formation of drops, the separation between 

drops and the interaction between the binder and the dust.  
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4.2.1.  Polymeric morphology and formulation 

It is known that the print resolution depends mainly on the size of the binder drop, which is dictated by 

the binder formulation [393]. 

As already mentioned before, there are many types of binders [85]. However, most of them, in terms of 

composition, are composed of a polymer dispersed in a solvent or a low-viscosity monomer. 

If a dissolved polymer is used, when applying heat, the solvent evaporates, causing the polymer chains to 

join together and/or join with the particles by intermolecular forces. 

On the other hand, if a monomer is used, its molecules cross-link during the curing process, forming a solid 

framework. The metal particles are trapped or covered by said frame. The curing step prior to sintering is 

necessary in some binders, but in others, the simple heat applied during printing is sufficient to cure the 

binder. 

So far, different binders have been used such as latex (colloidal dispersion of polymeric molecules) [102], 

polyethyleneimine [394], aqueous emulsions of aryl copolymers [395, 396] and polyvinyl alcohol (PVA) 

[397]. Efforts have also been made to improve the configuration of binders through different mechanisms 

to achieve various purposes. For example, the addition of metallic salts [398] or the suspension of metallic 

nanoparticles [399-401] were studied. The incorporation of nanoparticles in the binder is limited [402] 

due to the problems that arise such as: possible segregation of the polymer/nanoparticle mixture since 

the metallic nanoparticles have a significantly different density than the polymer; the clogging the nozzle 

hole; and finally, the production of undesirable elements resulting from the possible reaction between the 

nanoparticle material and the binder. Therefore, after a series of demonstrations, it can be said that 

metallic salts are more compatible with inkjet than nanoparticle suspensions [403, 404], and therefore 

more widely used. 

It has also been considered to use photopolymers as binders, but they were discarded due to their high 

molecular weight, which prevents their total disintegration, making the sintering process difficult [405]. 

4.2.2. Rheology for Ink jetting 

As mentioned above, the rheological properties of the binder are very important in the BJ process. 

Specifically, the two main characteristics are surface tension (defined by the Weber number, We) and 

viscosity (by the Reynolds number, Re). These two parameters can define all the behaviour of the binder 

during printing [406]. For example, the ability to inject a fluid through an injection nozzle is given as a 

function of these parameters. Specifically, it is expressed by the Ohnesorge number, which is independent 

of the droplet expulsion speed [402].(Eq. 19, Eq. 20 and Eq. 21) 
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𝑹𝒆 =
𝝆 · 𝒅 · 𝑽

𝜼
 Eq. 19 

𝑾𝒆 =
𝝆 · 𝒅 · 𝑽𝟐

𝜸
 Eq. 20 

𝑶𝒉 =
√𝑾𝒆

𝑹𝒆
=

𝜼

√𝜸 · 𝒅 · 𝝆
 Eq. 21 

Where ρ is the density of the liquid (kg/m3), V is the velocity or flow speed (m/s), d is the diameter of the 

drop or of the nozzle head (m), ⴄ is the dynamic viscosity of the liquid (Ns/m2), ϒ is the surface tension 

(N/m). 

On the other hand, we must not forget the deposition process of the binder on the powder bed. Good 

control of this operation will be essential to obtain a good quality piece since if the deposition of the drop 

is so abrupt that it splashes or deforms the bed surface, it will cause future defects in the piece as less 

dense parts or rough surfaces. Stow and Hadfield [407] have dedicated part of their studies to elaborate 

an equation that serves to determine the appropriate spatter threshold to work with a flat, homogeneous, 

and smooth surface. This shows the relationship of this parameter with the density of the drop, the speed 

of the drop and its volume, since it is a function of Re and We, as shown by the Eq. 22. 

𝑓(𝑹) = √𝑾𝒆 · √𝑹𝒆
𝟒

 Eq. 22 

Before going on to detail the conditions to be met in order for the binder to be appropriate for its use, we 

will briefly explain the droplet expulsion process and distributing them over the powder bed. BJ uses a 

printing system similar to printing on paper, known as "drop on demand". The nozzle expels a small drop 

of ink (binder) by means of a pressure explosion. There are different mechanisms of ink ejection, the most 

common is the use of a piezoelectric crystal that expands with electric current induction and pushes the 

drop through the nozzle hole. Another mechanism is through a resistor that heats the ink creating an air 

bubble, which pushes the fluid through the nozzle, thus creating a drop. Once the drop is created, it is 

expelled from the nozzle until it hits the powder bed. 

Once the operation of expulsion and dispersion of the drop has been understood and taking into account 

the parameters described above, we proceed to detail the requirements that the binder must-have. For 

example, the surface tension limits the formation of the drop, which must have enough energy to be 

ejected, overcoming the barrier of the surface tension of the fluid. Duineveld found that Weber's 

minimum number must be greater than 4 to overcome this barrier [408]. On the other hand, Miyanaji et 
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al. [310] showed that the Weber number also has an upper limit, its maximum value being close to 50. 

Since if this value is exceeded, a splash will be caused when the drop is deposited on the bed. 

 

Figure 49. Jettable region for fluids based on the Weber and Reynolds numbers [402]. 

As the Figure 49 shows, there is also an appropriate We-Re relationship to obtain an adequate ejection or 

ejection of the drop. This relationship indicates that the value of the Ohnesorge (Oh) number must be 

between 0.1 and 1. If this number is less than 0.1, at the moment of expulsion of the drop, the effect, 

knows as "satellite droplets" will occur (it will not be a single drop perfectly spherical). On the other hand, 

if it is greater than 1, it means that the fluid is very viscous and therefore it will not be injectable. These 

events are shown in Figure 50 [409]. 

 

Figure 50. Images taken at the time of drop ejection showing the effect of the Ohnesorge number (Oh) [409] 

4.2.3. Print head type and drop generation 

This section will explain the types of print heads, which differ in the way they have to generate the drop. 

There are generally two large groups of print heads: drop-on-demand (DoD) print heads and continuous-
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jet (CJ) print heads. Figure 51 shows a diagram of the general operation of both types. The use of one type 

or another will depend on the binder used. 

 

Figure 51. Schematic illustration showing the operation principles of Continuous Jet and Drop on Demand print 

heads [257] 

The first type of head (DoD) has already been named above. This type of head produces individual drops 

and on-demand. Gout can be produced in different ways. For example, the piezoelectric heads produce 

the drop using a piezoelectric crystal that, upon an electrical impulse, expands occupying a specific 

volume. The advantage of these heads is that the only parameters of the binder that influence are its 

rheological properties. Recently, Shen et al. [410] designed a new ink deposition system that works based 

on the CJ print head. 

Another known type of heads are thermal inkjet heads. The operation of these is based on applying heat 

so that rapid gasification of a certain amount of the liquid binder occurs, producing a bubble of a specific 

volume. This expansion inside the print head pushes the binder through the nozzle, thus expelling the 

drop [411, 412]. If you want to expand the information for a better understanding of this operation, you 

can view the explanatory video "How HP Thermal Inkjet Printheads Work" [W37]. 

On the other hand, the continuous jet (CJ) print heads produce the drops continuously and constantly. 

Due to this, the printing speed is higher [412]. Compared to DoD printheads, CJ printheads have higher 

performance due to the slower traverse speed, option of proportional deflection (no binder leakage from 

the print head), and more size control of overlapping primitives for a smoother part surface finish [97]. 

Once the existing drop expulsion systems have been explained, the effects of the jet or the drop formed 

in the printing process will be explained. Different physical parameters of the droplet or the jets have been 

studied such as fluctuations in the width of the tail, lateral deviations, expulsion speed, the formation of 

small nano-droplet (ink satellites) and droplet volumes [413, 414].  
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Parab et al. [415] observed that at the beginning of the drop ejection, it had the shape of a spherical head. 

As it descended, the shape it took was cylindrical but as it moved away from the head, it changed to a 

spherical shape with a long narrow tail. This evolution is shown in the following image. 

 

Figure 52. High-speed synchrotron x-ray imaging technique showing jetted droplet shape[415]. 

The study of the final tail, which later hits the bed, showed that it was unstable and moved away from the 

center of the nozzle [413]. These fluctuations sometimes cause the breakdown and formation of, what 

has been described so far, ink satellites. These satellite drops drift from the expected path, causing 

dimensional errors in the printed parts [416]. 

Another consideration should be the interaction of any element of the machine with the binder. For 

example, materials in contact with the binder such as the printhead chamber or all elements of the fluid 

lines can react (corrode, wear away) with the binder and this would not be desirable. A critical element of 

the printer is the nozzle since it is more prone to erode due to the passage of the binder. It can also become 

blocked because the solvent of the binder evaporates and the binder solidifies in the nozzle. This event 

occurs very commonly, due to the small size of the nozzles (below 100 µm) [85]. In addition, there is an 

additional obstruction due to this small size, this obstruction is caused by a shear effect when trying to 

pass the fluid through the nozzle. Clogging the nozzle causes one of the print lines to be missing. If it is 

only one of the nozzles, it will not have any effect on the final piece, but the failure of several will cause 

the piece to fail [417]. 

4.2.4. Droplet spacing and line spacing 

The established profile characteristics have multiple implications for the BJ process. For example, the 

profile largely determines the minimum resolution of the manufacturing process and consequently 

influences geometric precision. The characteristic dimensions of the profile, that is, the limitations that 

the binder has in migrating vertically (penetration) and horizontally, influence the selection of some 

process parameters such as layer thickness, working temperature, or printing speed. 
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Among some parameters that influence the print profile or pattern is the distance between the drops. The 

droplets are spaced from each other; the distance in the transverse printing direction depends on the 

spacing of the nozzles or holes where the ink comes out (d1). On the other hand, the distance along the 

printhead raster direction depends on the speed at which the drops are deposited and on the spacing 

between the printlines (d2). (Figure 53) 

 

Figure 53. Diagram of a printhead, defining the distances between the heads (d1 and d2). 

 

Next, we will detail how these two distances (d1 and d2) affect the results of BJ printing of 3D parts. 

Specifically, we will talk about d2 since it is the most critical distance and difficult to control [306]. 

On the one hand, the distance between the printing lines (d2) must be low enough so that the layers 

formed by the binder are cohesive, thus ensuring that the drops deposited on the bed will join without 

forming marginal seams between the lines [418]. However, a very small spacing has a negative effect 

because it increases the printing time and also increases the risk of oversaturation and/or bleeding. A 

study of the optimization of this parameter was carried out by Lanzetta and Sach [306], who showed that 

too small a spacing excessively decreases the resolution of the impression when forming large diameter 

lines. This oversaturation phenomenon can be alleviated by controlling the temperature after printing, 

since, if the viscosity of the binder can be decreased, a smooth surface with a high precision geometry will 

be achieved [419]. 
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4.2.5. Interaction between binder and powder 

In this section, we will study the effect that the interaction between the binder and the powder has on the 

printing pattern and, consequently, on the BJ process. The migration and distribution of the binder 

through the powder bed is very important since it will affect the microstructure and the mechanical 

properties of the final parts, as will be seen below. 

Due to the differences in migration rates, the liquid phase under equilibrium conditions would assume a 

specific profile (Figure 54). Typically, the penetration depth (D) and the extension of the binder (W) can 

vary according to the properties of the powder (the particle size distribution, the morphology of the 

powder, the chemistry of the surface of the particles, the compacts of the powder bed and the wettability 

of the powder)[286, 420, 421], the properties of the binder (its chemistry, the physical properties of the 

liquid binder, including viscosity and surface tension), the interaction between the binder/powder bed 

and the printing parameters and conditions (working temperature or binder injection rate) [85, 383, 422-

424]. 

 

Figure 54. Diagram showing the penetration of droplets of binder into the saturated area of the powder bed. 

From a physicochemical perspective, the interaction between a drop of binder and a powder material is a 

very complex process [425]. In addition, it is difficult to measure due to the existence of a microscopic 

surface area of the powder particle, which does not get wet with the binder, therefore, you may be 

overestimating the optimal level of binder saturation of the theoretical model. Furthermore, the depth of 

penetration of the actual binder may not match the drawing area of the drop of binder injected into the 

powder bed, leading to another possible disparity in the desired binder saturation level and print 

resolution [426].  
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The porous material interaction with the binder drops can be divided into two phases: the static and 

dynamic phase. While the static phase refers to the state where the penetration of the liquid droplet into 

the porous medium is completed, during the dynamic phase the droplet migrates to the porous material 

under the different conduction phases. In the BJ process, both phases are of crucial importance to control 

the quality of the part. The interaction of the porous droplet medium in the static phase determines the 

optimal saturation level required for successful printing, while the dynamic phase of interaction controls 

the profile of the area that is saturated by the droplet. 

A model that studies the balance between the fluid and a highly porous part was developed by J. F. Bredt. 

In this model, the equilibrium fluid content is predicted from measurements of the capillary characteristics 

of the powder and the physical properties of the fluid binder. It is proposed in this model that there is a 

capillary pressure balance between a partially saturated region and the dry powder surrounding the 

feature. In this model, it is assumed that the interaction between the binder and the powder in the BJ-AM 

process is dominated by capillary and, to a lesser degree, gravitational forces. If you want to go deeper 

into this approach, you can turn to his doctoral thesis or to future bibliographic works that compile his 

study.[311] 

The migration or infiltration dynamics of the binder, in the static phase, can be divided into four phases, 

as shown in Figure 55. The first two generally comply with an impact-driven propagation dynamic and the 

last two with capillary propagation. 

 

Figure 55. A scheme illustrating the interaction between the binder and the powder bed and the migration 

process of the binder [427]. 

PHASE 1 &2: initial contact & spreading 

In this initial phase, a drop of binder (of few micrometres cubic of the volume) is injected through a print 

head onto a bed of powder. When the droplet reaches the surface of the powder bed, it has an initial 

impact velocity that dissipates rapidly. When the binder comes in contact with the dust particles, the 

kinetic energy of the droplet leads to a rapid formation of bridges and networks connecting the adjacent 

particles. This process can occur in the order of microseconds. 
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When the drop hits the bed, different granule formation mechanisms can occur (Figure 56). For example, 

in fine and cohesive powders, when the drop impacts, it drags loose aggregates as it penetrates the 

powder bed, forming spherical granules with some protuberances due to incomplete penetration of some 

of the aggregates. This mechanism is called "tunnel effect mechanisms". On the other hand, "crater or 

extension mechanisms" take place for free-flowing coarse powders, which promote high packing density. 

When the binder hits, at an appropriate speed, dispersion occurs as the droplet spreads across the surface 

of the powder to form granules that are flat disks. If, on the contrary, the speed at which the drop impacts 

is excessive, craters will form in the dust bed. The drop will spread through the walls of the crater, 

collecting in its path the particles with which it interacts. This will lead to the formation of highly spherical 

granules [428, 429]. 

 

Figure 56. Schematics of the three granule formation mechanisms: (a) tunnelling, (b) spreading, and (c) crater 

formation [428, 429] 

 

This phase, governed by the impact of the droplet, is affected by the volume of the droplet, the initial 

velocity, the inertial forces, the viscosity and the roughness of the powder bed [286, 430-432]. Next, the 

effect of these factors on the migration of the binder will be detailed. 

In the case of the extension of the binder (W), which is mainly driven by the kinetic energy of the impact 

drop in this phase, the following conclusions can be reached. The greater this kinetic energy, which implies 

a higher speed of the drop, the greater the extension of the drop (W). On the contrary, surface roughness 

will influence the binder dynamics [287, 433]. The greater this roughness, the more prevented the drop 

will be from expanding on the surface [305, 433, 434].  The same will happen if powder with a larger 

average particle size is used. 
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On the other hand, the final depth of droplet penetration (D) exhibits the opposite trend in relation to 

roughness and particle size. As the lateral dispersion speed (W) decreases, vertical penetration (D) will be 

favoured. 

PHASE 3: Imbibition & drainage 

This phase consists of the advance of the binder through the powder bed. As the binder comes into contact 

with the powder bed, it is moistened as the binder penetrates through it. This interaction behaviour 

between the binder and the powder is mainly controlled by the intrinsic characteristics of both the powder 

bed and the liquid binder, such as the liquid viscosity, the contact angle between the material and the 

liquid, and the surface tension.  

The dominant mechanism is the capillary force effect [286, 430, 435-437]. By contrast, gravity has a 

negligible effect on the binder. This is because the drop has a low volume and mass. [417] 

At this stage, dust beds with larger pore sizes facilitate the penetration of the binder into the porous 

structure due to the improved permeability(k) [438], which can be quantified by the Kozeny equation (Eq. 

23) that correlates permeability with the average diameter of the particles. [439]. 

𝒌 =
𝝐𝟑 · 𝑫𝟐

(𝟏 − 𝝐)𝟐
 Eq. 23 

Where ϵ is the porosity of the powder bed, D is the mean diameter of the powder particles, k is the 

permeability of the powder bed and it is a constant. 

From the following equation (Eq. 24) an estimate of the volume of the binder that has penetrated a dust 

bed at any given time, Vp (t) can also be known [440]: 

𝑽𝒑(𝒕) =
𝑲

𝟐
· ∫

𝒓𝟐(𝒕)

√𝒕

𝒕

𝟎

⁡𝒅𝒕 Eq. 24 

𝑲 = 𝟖𝝅 · 𝒌 · √
𝜸 · 𝒄𝒐𝒔𝜽

𝟐 · 𝜼 · 𝑹𝒑𝒐𝒓𝒆
𝟑

 Eq. 25 

Where: r (t) is the instantaneous radius of the droplet that extends over the surface and it’s a function of 

time; Rpore is the pore radius (mean pore radius obtained in BET tests); ϒ is the surface tension of the liquid; 

Ѳ is the angle of contact of the binder in the form of a drop on the material (as shown in Figure 57) and ⴄ 

is the viscosity of the binder. 
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Figure 57. Local contact angle between binder and a particle in the powder bed. 

The above equations corroborate the conclusions set out above, a bed formed by large particles will have 

a higher permeability, which leads to a fast penetration (D) and, therefore, to a smaller lateral dispersion 

(W). Furthermore, it was shown that the depth of interaction (D) was greater in irregularly shaped 

powders compared to spherical powders, which could be related to a greater mechanical locking effect 

between angular particles [417, 428, 429, 432, 440-443]. 

Therefore, as binder migration progresses, the saturated regions drain and the dry regions absorb until 

the driving forces of both regions become equal. This is the state where the equilibrium condition is 

reached in which the driving forces are equal for both imbibition and drainage.  

PHASE 4: Complete primitive formation 

As the equilibrium condition is reached, the printed area is saturated homogeneously. It is crucial that a 

sufficient amount of binder is used during printing, as the continuity of the liquid binder droplets during 

printing will cause the good integrity and strength of the green part. 

Next, the operation of the homogeneous saturation of the binder in the corresponding area will be 

explained (Figure 58). Once the binder has been selectively sprayed onto the surface of the powder bed, 

capillary bridges are formed that join the adjacent particles. As explained above, this formation of 

networks is due to the binder-powder material interaction that is accelerated by the kinetic energy of the 

drops. The next step is the distribution of a new powder layer and injection, again, of binder on this new 

layer. The formation of the new capillary bridges is carried out between the adjacent particles of that same 

layer and with the particles of the lower layer. This is done layer by layer until obtaining a three-

dimensional network that defines the geometry of the piece [444]. 
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Figure 58. Small-scale explanation of the binder-powder interaction during the binder injection process.[444] 

 

As already mentioned at the beginning of this section, the distribution/migration of the binder and its 

interaction with the powder bed, control the precision of the geometry, the resistance of the green part 

and the roughness of the final surface of the part [427], in combination with the other process control 

parameters. That is why the interaction between the binder and the powder is of great importance to 

determine the quality of the parts manufactured by the BJ process. 

One of the effects of migration is on the dimensions and specifications of the part. If working with a lateral 

dispersion W greater than optimal, the pieces will exhibit greater inaccuracies in the lateral directions (X 

and Y directions). On the other hand, the precision of the samples in the z-direction decreases with 

increasing average particle size, or what is the same with higher penetration (D). 

A troublesome effect to consider is the expulsion of dust from the surface of the powder bed due to the 

high speed at which the binder has impacted. This causes changes in the powder bed and can create pores 

in the printed parts. In addition, greater contraction occurs in the z-direction during sintering. This is not 

the only negative effect caused by the ejected dust, as it can cause multiple more defects. For example, if 

a large number of particles were ejected, there would be an empty hole that could hardly be covered or 

filled by the back layer. This would cause a large hole to form. This situation generally occurs with powders 

that are highly fluid. Another problem they could cause is if these ejected particles were randomly 

deposited in different positions on the bed, which would have a negative impact on the bed surface. Since 

this would cause a dimensional mismatch and an undesirable roughness in the final piece. 

4.3. Printing parameters 

The BJ process is defined by a series of parameters such as the layer thickness, the mechanism and the 

speed of powder distribution, the saturation level of the binder, the temperatures of each operation, the 

exposure times to said temperatures, the way of injecting and depositing the binder, among others. 

Different authors have studied the influence of these parameters on the quality and some properties of 

both green parts and sintered parts. [417] 
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A possible example of a possible configuration of the BJ parameters is presented in Table 14. These are 

the values used in the M-Lab printer, if you want more detailed information you can use the indicated 

bibliography [14, 55, 166]. It should be noted that this information is only indicative since the configuration 

of said parameters will depend on the powder used and the machine hardware. 

Table 14 Printing parameters used for the M-Lab BJ-AM system [445] 

  Value 

Powder spreading speed (mm/s) 2 
Saturation level (%) 100 

Drying time (s) 80 
Printing speed (mm/s) 150 
Layer thickness (mm) 0.15 

 

Shrestha and Manogharan investigated the optimization of different process parameters to obtain the 

best mechanical properties, finding that the most influential parameters are binder saturation (interaction 

of the binder with dust) and the density of the powder bed [446]. In this section, the different parameters 

and their effect on the final piece will be discussed. 

4.3.1. Layer thickness 

The layer thickness parameter is defined as the height of the powder bed along the Z-axis during printing. 

The values for BJ techniques usually range between 15 and 300 µm. 

Normally, said value is defined by the operator/designer of the machine, and from this value, the amount 

of binder saturation is calculated according to equation Eq. 26. [445] 

𝑺𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏⁡𝒍𝒆𝒗𝒆𝒍 =
𝑽𝒃𝒊𝒏𝒅𝒆𝒓
𝑽𝒂𝒊𝒓

 Eq. 26 

𝑽𝒂𝒊𝒓 = (𝟏 − 𝟏𝟎𝟎 · 𝑷𝑹) · 𝑽𝒆𝒏𝒗𝒆𝒍𝒐𝒑𝒆 Eq. 27 

𝑽𝒆𝒏𝒗𝒆𝒍𝒐𝒑𝒆 = 𝒙𝒔𝒑𝒂𝒄𝒊𝒏𝒈 · 𝒚𝒔𝒑𝒂𝒄𝒊𝒏𝒈 · 𝒛𝒔𝒑𝒂𝒄𝒊𝒏𝒈 Eq. 28 

Where: Vpore is the theoretical percentage of void space; Vbinder is the percentage of binder used to fill the 

void; PR represents the packing density of the bed; Venvelope, the volume of a defined envelope; xspacing and 

yspacing re the distances between successive droplets in the X and Y directions respectively; and zspacing is the 

layer thickness. It should be remembered that the packing density specifies how much empty space exists 

in the impression material after distribution. 
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In addition, the layer thickness is used to process and segment the CAD model used for feature creation 

and therefore will influence the resolution of the green part. 

The layer thickness value is defined based on the desired resolution and by the powder size, in this order 

of preference. 

Specifically, the simple requirement that must be taken into account in relation to the size of the dust 

particle is that the selected layer thickness must be greater than this [225, 447]. It is true that, as already 

mentioned in this work, the size of the powder and the PSD are two variables that affect the ability to flow 

and spread of the powder and therefore will also affect the possibility of creating a specific layer thickness 

[295, 448, 449]. 

The desirable thing would be to achieve a powder layer with a uniform thickness since this will favour the 

printing process (diffusion of the binder) and the precision of the dimension in said processes. 

As can be seen in the previous equations (Eq. 26, Eq. 27 and Eq. 28), if the thickness of the layer is modified, 

so will the amount of saturation of the binder and, consequently, the mechanical and dimensional 

characteristics of the green part. 

There are multiple studies based on experiments in the literature investigating the thickness of the layer, 

along with other parameters related to the process, such as the saturation of the binder and the 

orientation of the part, the effect on the mechanical and dimension properties of the green part. [450-

452] In this work, they showed how the dimensional precision varies depending on the thickness of the 

layer and the saturation of the binder. If you work with a thin layer of powder material, the lateral 

expansion (W) of the binder will be favoured since the vertical penetration (D) will be limited by the 

saturation of the previous layer (the one below). This excessive lateral flow of the binder leads to a 

dimensional mismatch and a surface roughness of the faces whose normal are in the x and y directions.  

This dimensional mismatch occurs the same when too large layer is used. This is because, although the 

lateral expansion (W) is reduced, the fact that more binder must be injected due to the greater volume of 

powder per layer produces a similar effect, although it is true that the variation of the dimensions in x and 

y They will be less than in the previous case [451]. Furthermore, increasing the thickness of the layer can 

lead to a reduction in the density of the powder bed. Figure 59 illustrates the effect of layer thickness on 

the density of the powder bed prior to the application of the binder [446, 453, 454]. As stated, generally, 

a higher density of the powder bed produces a higher density of the green part where a lower shrinkage 

during sintering is expected for a high density of the green part [455]. 
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Figure 59.Effect of the layer thickness in the binder spreading process. [25] 

As the Figure 59 shows, with optimum print layer thickness, vertical (D) and lateral (W) dispersion advance 

at the same time, producing the least possible dimensional variation and adequate resolution. [451] 

The effects of print orientation and layer thickness on the physical and mechanical properties have also 

been studied [345]. In this investigation, it was concluded that layer thickness and print direction have a 

significant effect on compressive strength, as shown in the graph in Figure 60. These studies also 

concluded that these two parameters do not have such a significant effect on other structural properties. 

 

Figure 60. Comparison of compressive strength in samples with different layer thickness in various orientations 

(X,Y,Z) [345] 

4.3.2. Powder spread and powder-spreading speed 

Both rakeability and dust propagation speed must be considered to meet part requirements and cost 

targets. The different dust distribution mechanisms were explained in the section related to packing 

density and therefore it would be advisable to review it (page 96). This section will focus on speed factors. 
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When the term powder-spreading speed is mentioned, one is talking about a set of speeds that influence 

the powder distribution process. It is worth mentioning that not all machines will have to control or to 

define these speeds since it will depend on the mechanism used for dust distribution. For example, some 

machines use the roller as a dust dispensing mechanism, instead of a hopper. Generally, the most common 

speeds are [17, 456]: 

 Coating speed (mm/s). The first powder deposition methods used a feed shaft that rose with each 

layer to dose the powder [457], however, the use of a hopper to feed the powder has become 

more common due to its advantages as regards the handling of dust. [458]. Therefore, this speed 

is the linear speed at which the hopper travels while the dust travels over the bed. 

 Oscillator speed (rpm). It is the frequency at which the dispensing mechanism oscillates 

 Roll speed (rpm). As its name indicates, it is the rotation speed of the roller. 

 The propagation speed (mm/s). In many machines, the layer is spread by a rotating roller. 

Therefore, the propagation speed is the linear speed at which the roller moves through the bed 

at the same time it rotates. It is the main factor in determining the overall print speed. A value for 

said usual speed is between 0.1 and 16 mm/s. Although it has been shown that roll travel speeds 

greater than 4 mm/s can lead to a heterogeneous powder bed, which is undesirable. Another 

study confirmed that using speeds in that range results in higher precision [446]. However, the 

disadvantage of using small speeds is the increased time of the printing process. 

Coordination of all speed factors is necessary to produce consistent parts while maintaining adequate 

productivity. 

Powder flow and packing capacity have been identified as one of the most contributing factors in good 

powder quality [248]. Therefore, it is essential to perceive how to process dynamics influence the flow and 

packaging behaviour of the powder bed during BJ printing. 

A proposal to quantify the layer quality was provided by Karapatis [248], who affirms that the 

measurement of the layer density by weighing is a good indicative parameter. On the contrary, there are 

other authors who deny this claim, showing that the density of powders is not a sufficient parameter to 

distinguish powders with respect to their rakeability and the resulting layer density [258]. Currently, there 

are numerical models that predict powder fluidity and packing density based on powder characteristics 

and BJ parameters. [459] 

For example, it is known how the size and morphology of the particle influence the fluidity of the powder, 

and consequently the final packing density. Fine particles smaller than 5 µm do not usually exhibit good 

fluidity due to the Van der Walls forces that exist between them[460]. The morphology of the particles 

also affects the propagation of the material. Irregular particles reduce the fluidity of dust [112, 461]. The 
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flow characteristics affect the packing density and, consequently, the density of the final part. [97] This is 

why if this type of powder is used, a relatively slower propagation speed will be required [460]. 

Other important factors in the quality of the powder spread are related to the equipment used for the 

distribution of the powder and not to the properties of the powder. For example, the mechanism used for 

dispersion (mechanical vibration and rolling), friction conditions, the surface texture of the roll, and the 

geometry of the roll [462]. In addition, the propagation system can influence compaction and possible 

particle segregation. More importantly, the applied load can vary by an order of magnitude and therefore 

cause an inhomogeneity of interparticle forces in the granular packing. This event commonly happens 

when the roller passes through the printing area, an inhomogeneous force appearing due to the 

interaction between neighbouring dust particles. [459] 

 

In order to develop reliable strategies for the production of parts with good mechanical properties and 

good quality (homogeneous part density, exact dimensions, and good surface finish), it is vital to work 

with good dust diffusion [257]. 

The influence of print speed (i.e., roll travel speed) on part integrity has been extensively evaluated. The 

best way to get a quality part is to work with the lowest possible speed. The drawback to this is that the 

printing time is significantly increased. However, if, on the contrary, one works with a high printing speed, 

the following undesired phenomena will take place: a reduction in dimensional precision [463] and a low 

precision in the piece since, by increasing the speed in which the binder impacts on the powder bed, fine 

particles are expelled from the powder producing splashes. In addition, uneven and non-uniform 

spreading will occur, which eventually leads to high porosity in the final product and, therefore, less 

mechanical resistance [29]. For this reason, the surface roughness of the powder beds is determined by 

the quality of the powder dispersion, among other factors [459]. 

In a study of Parteli and Poschel [459], a simulation was proposed where dust-roller interactions were 

investigated. It was demonstrated that the increase in the speed of movement of the roller led to an 

increase in the roughness of the surface of the bed of dust, affecting the quality of the piece. Myers et al. 

[393] experimentally corroborated this. In another study, the relationship between dimensional tolerance 

and printing direction was confirmed. Dimensional precision in the y-direction (print direction) was shown 

to be more dependent on print speed compared to the x-direction, following linear correlation, meaning 

that precision prediction is possible. 
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Figure 61. Effect of printing orientation on the dimensional accuracy. [287] 

4.3.3. Binder saturation 

The binder saturation level is defined as the ratio between the amount of liquid binder and the volume of 

pores in the impression material [14]. The level of saturation in the equilibrium phase is very important in 

the BJ-AM process and must be determined experimentally. 

To estimate the theoretical binder saturation (% binder saturation), the pore volume of the powder bed 

is needed and can be determined from the packing density of the powder bed, as shown in equation Eq. 

26 (page 119). 

An optimal amount of saturation must be used in the printing process to ensure good mechanical strength, 

desired dimensional precision, and structural integrity. Both lower saturation and higher saturation levels 

are problems in the BJ process. . 

 

Part requirements and some parameters of the production process, such as surface roughness and print 

speed, respectively, will determine the thickness of the layer and, together with the characteristics of the 

powder, the saturation of the binder will be established consecutively. For example, the study by Shrestha 

et al. determined that the optimal saturation level is 70% when working with a layer thickness of 100 µm, 

at a roller rotation speed of 6 mm / s and powder feed ratio values of 3:1 [446]. But this is not entirely true 

since there are many more parameters to consider such as wetting and the droplet deposition system.  
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Next, we will talk about the effects on binder saturation that it has: the layer thickness, the wetting, and 

the printing system, among other factors. 

For an equal amount of binder, if the thickness of the layer is too thin, the supplied binder may be 

excessive and the additional binder spreads sideways. This excessive lateral flow (W) is called "bleeding." 

Later, in this section, this problem will be explained. Conversely, if the layer is too thick, this amount of 

binder may not be sufficient to cover the entire space between the particles, resulting in penetration (D) 

unable to bond the layers. When the layer thickness is optimized, the extension (W) / penetration (D) of 

the binder advances in vertical and lateral directions in which there is enough binder to fill the interstitial 

sites. This is why the layer thickness is a variable of the binder saturation function (Figure 62). 

 

Figure 62. Different layer thicknesses and their effect on binder saturation: bleeding and lack of cohesion 

between layers. 

Powder packing and wettability are two factors that affect binder saturation and required binder volume. 

Wetting, as already explained, is the ability of the binder to spread vertically and laterally through the 

interstices of the powder bed. Two influential properties of the material in the infiltration of the binder 

are [464]: 

 The porosity of the powder bed, in which the greater the porosity, the interstitial voids increase, 

and then the infiltration decreases. Therefore, the wettability is directly influenced by the packing 

density of the powder bed, the higher the density, the greater the wetting capacity. [219] The 

explanation of this event is detailed on page 113 

 The contact angle, in which the infiltration area of the liquid binder decreases as the contact angle 

increases. 

Some authors claim that if the wettability were low, an alternative would be to add more binder [310, 

465]. However, keep in mind that this could lead to an overestimation of optimal saturation levels, causing 

unwanted saturation in the final piece. 
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Another factor influencing the level of binder saturation is the system used in droplet deposition. 

Depending on the system used, the droplet deposition mechanisms can be: simple (little used), 

overlapping or overlaying, as shown in Figure 63. The latter two are the most widely used because higher 

binder saturation levels can be achieved and the printing process can be streamlined [125]. The overlaying 

mechanism is favourable when working with thick layers of powder since the area obtained is narrow and 

deep. On the other hand, the single drop deposition system determines a minimum resolution. 

 

Figure 63. A comparison between droplet deposition mechanisms: a) simple, b) overlapping and c) overlaying 

and their effects on the saturation area [258]. 

 

The quantity has been experimentally shown to influence control of part precision, strength, and final 

dimensions [143, 347, 466-468]. Furthermore, adjusting the saturation level is vital not only for 

construction cycle time but also to minimize the cost of BJ. Therefore, it is quite beneficial to be able to 

predict equilibrium saturation for a bed of powder and liquid binder using a physics-based model prior to 

the printing process.  

That is why some authors have focused their efforts on finding the optimal levels of binder saturation 

[285, 310, 344, 347, 465, 469, 470] and their relationship to the qualities of the green parts and the final 

parts, which in turn provides information on the fundamental principles of the process. [285] 

It was shown that incorrect binder saturation could cause an inhomogeneous powder bed, and 

consequently dimensional inaccuracy and insufficient mechanical strength in printed parts [11, 471]. 
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Figure 64. Some of the possible surface defects due to inadequate binder saturation level: (a) low saturation 

resulted in particle loss and (b) high saturation causing excessive particle stick to the surfaces and 

reducing dimensional accuracy [11, 472]. 

As shown in the image above, a binder saturation greater than equilibrium saturation will cause the binder 

to take up more space than it should, penetrating outside the limits designated by the part design 

geometry. The literature defines this fact by means of two different phenomena that are called "bleeding" 

and “feathering " [112, 285]. 

“Bleeding” is defined as the macroscopic flow of the unwanted binder that exists because the area 

delimited by the impression has high levels of saturation. This leads to a decrease in precision in the lower 

section of the part, more than the upper layers. Probably due to the gradually accumulated weights of the 

upper layers [285]. 

“Feathering” is the microscopic extension of the binder produced in the impact phase of the binder on the 

powder bed. Its consequences are an increase in the roughness and a widening in the x and y direction of 

the part due to the fact that adjacent particles adhere to said surfaces [311]. As is known, inadequate 

green strength leads to: distortion of dimensional accuracy, poor surface finish, and cracking or failure of 

end parts [347]. Therefore, excessive saturation leads to a distortion of the geometry and a decrease in 

the surface quality of the part due to the two aforementioned phenomena. 

Other unwanted phenomena due to the high level of saturation is an excessive wetting of the powder 

bed, which can cause the particles to adhere to the roller and subsequently result in non-homogeneous 

powder beds with gaps, thus producing green parts with smaller density and lower mechanical resistance 

[473, 474]. Higher saturation levels also increase print time and therefore adversely affect subsequent 

printing.  

However, another study demonstrated that increasing the saturation level of the binder resulted in 

greater tensile and flexural strength of the final part, although dimensional precision was sacrificed. [347] 

On the other hand, if the equilibrium saturation is much higher than the saturation imposed by the 

machine, the printed part will not have enough mechanical resistance since there will not be enough 
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binder and weak bonds will be created between the dust particles and between the successive layers. This 

causes delamination of the layer and a high level of voids and pores that may appear after the exhaustion 

and sintering steps [347]. 

 

4.3.4. Drying time and heater power ratio 

In addition to knowing the behaviour of the powder under mechanical stress similar to the process 

conditions, it is important to understand the behaviour of the powder at elevated temperature [257]. As 

with conventional methods, any thermal alteration can alter the microstructure of the particles and, 

consequently, the properties of the material. 

As described in the BJ technique printing process, after deposition of the binder in the powder bed, an 

initial partial cure is performed, heating the entire print bed. Two variables to control for this curing 

operation are cure time and drying power. 

Curing time depends on the saturation level of the binder, the composition and chemistry of the binder, 

the thickness of the layer, the wettability of the binder powder, and some characteristics of the powder 

bed, such as thermal conductivity, surface area, permeability, and packing density. 

When the drying times are too short, the binder will not solidify and will maintain a fluid state. The effect 

of gravity and capillarity will cause the penetration of the binder in the vertical direction to be greater than 

the thickness of the layer, causing distortions in the dimensions of the part and diminishing the mechanical 

properties. On the contrary, a drying time that is too long can cause the nozzle to become clogged [11]. 

Furthermore, excessive drying causes the union between the layers to be inadequate, being a fragile union 

that leads to delamination of the part. The reason for this is the low amount of binder remaining in the 

liquid state, which is not enough to effectively form a continuous liquid phase through the interface 

between the previous and newly added powder layers and would cause loss of resistance between layers 

[310]. 

On the other hand, the drying power must be controlled, which is related to the temperature of the heater 

and, consequently, the heating rate [11, 27]. This parameter plays an important role since it controls the 

drying time of the liquid binder, therefore it controls the deformation, shrinkage, dimensional precision, 

and surface finish of the green part during the construction cycle [475]. If the power is too low, the drying 

will be insufficient, altering the precision and the surface finish. On the contrary, if it is very high, the drying 

will be so fast that it will induce uncontrolled deformations and contractions in the piece. 

Generally, when the sprayed liquid binder is adequately dry, the pre-dried layers below the newly printed 

layer will restrict vertical penetration of the binder, and penetration of the binder occurs primarily in the 
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new layer in unsaturated areas between the deposited droplets. This results in improved saturation in the 

printed areas of the new layer and better dimensional accuracy and green strength. Therefore, optimized 

drying times are required for each layer for higher binder saturation. [263] 
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Conclusions 

Metal AM is a technology with a very promising future. There are different metal 3D printing technologies, 

each with a number of advantages and disadvantages. One of them is the Binder Jetting. This technology 

has numerous advantages over other AM technologies, although it is true that each one has its own 

specific niche. BJ competes directly with Metal Injection Molding (MIM) processes and other powder 

metallurgy processes as they have some aspects of the process in common. For example, green pieces 

have an optimal wall thickness, just like in MIM, which will allow the binder to be removed successfully. 

BJ is a technology that allows high speed along with good resolution, which translates into higher 

productivity. The pieces made with this technology have a microstructure and isotropic properties, as well 

as no residual thermal stresses. This is due to working in ambient conditions (temperature and 

atmosphere). Another advantage is the lower cost of the AM machine and the lower operating costs in 

terms of preparing part files, starting and restarting the machine, as well as minimizing waste. 

Due to all the advantages it presents, this technology is expected to grow or mature at a higher speed than 

other AM techniques, although it is currently considered to be in an early maturity stage and there are still 

many interesting concepts that are unknown about the process.  

This work has compiled many of the investigations carried out so far on BJ and its relationship with the 

properties of dust. The optimization of some printing parameters and the effect of the relationship 

between powder and binder are also detailed. There are other investigations focused on post-printing 

operations (densification or heat treatments), but this is not covered in this work. 

A summary of the process factors and their correlation with the production quality of the pieces will be 

carried out. 

Regarding the powder properties, it can be concluded that: 

 The morphology determines the fluidity, the spreading capacity and the packing of the powder, 

being greater for the spherical particles. It is true that producing this type of particles, from gas 

atomization, is a more expensive process, but this cost must be assumed since if irregular powders 

are used, the properties of the sintered parts will not be acceptable. 

 The mean size and the particle size distribution (PSD) are two very important properties of the 

powder, since they directly affect the fluidity and the packing density of the powder, and 

therefore, with the layer thickness, the powder-binder interaction, the saturation of balance of 

the binder, and the subsequent sintering. In BJ, it is preferred to work with powders with a larger 

particle size since they have a better fluidity and spreading and a lower binder saturation and their 
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use result in better dimensional precision and higher densities of the piece in green. Although it 

is true that the finest powders sinter better and with them, pieces of better resolution and better 

surface quality are obtained, as well as greater mechanical properties and densities of sintered 

parts, if the spreading was not taken into account. That is why the optimal size has not been 

discovered, what is clear is that particles of a size smaller than 5 um cannot be used due to security 

problems and also, their specific interaction force is so high that it forms agglomerates, which 

causes poor packaging and consequently the final piece will have poor mechanical properties. 

Other parameters that are affected by the size of the particles are the dispersion (W) and the 

penetration (D) of the binder on the powder bed. Large particles facilitate vertical permeation, 

while small particles facilitate lateral extension (W). 

Regarding the particle size distribution, it is concluded that the powders with a bimodal 

distribution improve the powder packing density, the fluidity, and, therefore, the density of the 

sintered part and decrease the shrinkage during this sintering. Another advantage of using a 

bimodal mixture is that it can be sintered with a lower energy contribution compared to large 

single-mode powders and therefore will reduce the cost of the process. A possible future study 

would be to study the optimization of the proportion or distribution of particle sizes to achieve 

the best possible sintering density. 

 Segregation is also an event that affects the dust printing capacity, as well as the flowability and 

packing density already mentioned above. Segregation is the separation of the different dust 

particles in a mixture. You should try to reduce this to the maximum in order to obtain a 

reproducible process and with the most homogeneous pieces possible, which do not depend on 

the position in the printing box. 

In relation to the binder, some of the parameters that affect the quality of the piece and the process are: 

 The morphology of the binder is a factor to consider since the selection of some process control 

parameters may vary according to said morphology. For example, for monomeric binders, the 

heat source, used for drying the binder, serves to drive polymerization and solidification of the 

binder. On the contrary, if it is a polymeric binder, the source serves to evaporate the solvent that 

dissolves the polymer. These two processes will require different drying times. Another important 

parameter is the chemical composition of the binder since, for example, the amount of added 

carbon can diffuse into a carbon-sensitive metal, modifying the composition of the alloy and, 

therefore, its microstructure.  Other properties of the binder to consider are the rheological 

behavior and the surface tension of the binder since these will determine its injectability and 

dispersion through the powder bed. 

 The interactions between the powder and the binder are complex and determine the optimal 

amount of saturation in a static state or under equilibrium conditions. On the other hand, in a 

dynamic state, where the binder moistens the powder bed, the interaction will determine the 
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precision and mechanical performance of the parts. This interaction depends on various 

parameters of the printing process, such as the printing speed, the speed and force of impact of 

the drops or the effect of capillarity, in short, on the dynamics of the flow of the binder drops. 

Last but not least, some important printing process control variables are layer thickness, speed and 

mechanism of powder dispersion, binder saturation, and drying time or speed. Some authors point out 

that the saturation of the binder and the thickness of the layer are the two most critical parameters, 

reflecting the influence of the powder-binder interaction and the packing density on the final pieces. These 

print processing parameters are affected by the characteristics of the powder and the binder. 

The effect of layer thickness can be explained by dividing the figure into sections, forming a stepped 

surface. If the thickness is very large, the surface roughness will be less and the precision too. Furthermore, 

many authors recommend that the layer thickness be at least three times the mean particle size. 

On the other hand, an optimal amount of binder is necessary to guarantee the structural integrity, 

dimensional precision, and good mechanical properties of the part, in other words, for successful part 

manufacturing. An insufficient amount of binder results in poor bonding between layers but an excessive 

amount will cause over-expansion, causing an unsuitable surface finish and low dimensional precision. 

The selection of the saturation level so far has been an empirical process, although it is true that models 

based on thermodynamic principles have emerged to predict the optimum level. These models take into 

account the surface tension of the binder, the packing density of the powder, the surface area of the 

particles and the wettability of the powder material. 

Although it has been said that it is not one of the critical parameters to obtain parts with good properties 

and finishes, the drying time during printing must be taken into account so that this process can be carried 

out. After depositing the binder, a heat source passes over the bed to dry the binder. The binder must be 

fluid enough to be able to be injected by the ink print nozzles and to be able to distribute throughout the 

powder bed. But if it is not dried once it has been deposited on the bed, it can lead to the powder-binder 

combination sticking to the roller that spreads the new powder layer, or it can cause the binder to continue 

distributing through the powder, obtaining low precision parts. Also, this drying time can be adjusted to 

reduce bleeding due to high saturation of the binder. 

 

 

As it has mentioned, the development of the BJ process requires a series of considerations such as (i) 

formulating a powder with an optimal composition, morphology, and particle size distribution, (ii) 

formulating a liquid binder with properties optimal for flow and optimizing the interaction of this with 

the powder bed, and finally (iii) adjust the parameters of the printing process. 
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In general, many experimental and theoretical studies are still needed to fully understand the 

influences of the parameters mentioned above in the final part (their mechanical, chemical, functional, 

or dimensional properties). Current approximate knowledge of the necessary morphological 

characteristics of the powder, along with an insufficient understanding of particle chemistry and 

microstructure in manufacturing processes, requires a significant need towards a more complete 

characterization of powders prepared for BJ. The main objective of the investigation should not only 

be to optimize the process parameters, but also the interaction between these variables and the 

properties of the powder. This will result in reduced variability between constructions and parts and 

will make the process more controllable. Only then will BJ processes be able to rival traditional 

manufacturing methods and other AM technologies in terms of being recognized as a viable means of 

creating reproducible and reliable parts.).



Introduction to the binder jet technology in additive manufacturing of metals. 

 

  135 

Future lines of research 

As already mentioned, this project corresponds to a previous study to understand and deepen the 

Binder Jetting metal additive manufacturing process. Therefore, this will serve to know all the details 

to consider in a future study. In this future study, which would have been carried out as my Master 

Final Project if the coronavirus pandemic had not broken out, the aim will be to characterize the 

samples of the metallic powder used in HP (Metal Jet 316L <22 µm) that have different behavior during 

printing, to understand the relationship between the properties of the powder and its printability. 

Therefore, future work will focus on techniques that have the potential to characterize metallic powder 

in order to be able to determine the differences between dust samples that behave differently during 

printing. These techniques should include: 

 PSD by Laser Diffraction to characterize the size of the particles and their distribution, and thus 

observe if there is any change between the different samples. 

 SEM / EDX of embedded dust samples for detailed metallographic and elemental analysis of 

particles. In this elemental study, the specification or oxidation status of each element will not 

be known. It will also serve to perform a morphological characterization of the particles. 

 XPS provides the chemical composition of the near-surface region of the samples (where EDX 

provides little or no information). XPS analyzes will also serve to indicate the oxidation status 

of each element and the study of possible chemical segregation. 

 FIB / FESEM will be used to carry out a more detailed study and obtain chemical segregation 

in cross-sections prepared by FIB and thus seek some type of correlation with the results 

obtained in the XPS. 

 Micro / nanomechanical characterization of the dust, implementing a "property map" to 

establish a relationship with possible structural or chemical variations. In other words, it is 

about being able to determine if there is any kind of difference between the different samples 

by means of a nanohardness analysis. 

 TGA at low temperature (less than 300ºC) to understand changes in the oxidation behavior of 

fresh powder in air and possible occurrences of organic in processed powder. This technique 

will also serve for another future project where the intention is to study the interaction of 

inorganic dust with the binder (contains organic) and temperature. 

The operations and fundamentals of some of these techniques are detailed in Appendix B (page 159). 

Apart from this study, other possible future directions in additive binder jetting manufacturing in 

relation to 316 stainless steel should be considered. For example, some possible studies to be carried 

out may focus on informing repeatable and reproducible mechanical properties, such as hardness, 
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elastic limit, fatigue resistance, or creep. One could also investigate the effect of adding different 

additives to the 316L alloy, the effect of different printing parameters. Regarding the printing 

technique, an effort must also be made in the development and adoption of new alloys or materials, 

in order to cover new markets.  
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Economic Valuation of the Study 

 As it is a research study based on the compilation of the results of different authors, the main cost of this 

bibliographic work is the salary of the researchers involved. This cost will be increased by the use of certain 

resources such as a computer, the contract of an internet fee, or the license to access scientific articles. 

To these will be added the cost of electricity due to the consumption of the computer and light. 

The costs of the project will be detailed below. As fixed expenses, we would find the wage of the labor, 

the price of the computer, the bibliographic funds service, and the internet rate. Variable costs will 

correspond to electricity consumption. 

This project has been prepared by a student of the Master of Science and Materials Engineering at the 

Universitat Politècnica de Catalunya, which sets an approximate salary for student practices of 8€/h 

[W38]. In addition, the Master's Final Project of the study plan is equivalent to 12 ECTS credits, which 

corresponds to 300h [W39]. Therefore, the total cost of student work in this project amounts to 2,400€. 

In addition to the student's work, a tutor and a co-tutor were reviewed. Said persons must receive a salary 

of 24 €/h for the corresponding hours worked. The tutor has invested 25hand the co-tutor 20h. 

On the other hand, in relation to the cost of acquiring bibliographic funds, we will make an estimate based 

on data published by the Spanish state about the expenses or investments made by the Consejo Superior 

de Investigaciones Científicas (CSIC) library to acquire bibliographic funds in different formats and 

supports. According to this source, the expenses in bibliographic funds amounted to 709,708  €/year 

[W40]. It is true that this expense would be distributed among all the students of the university. The 

university published that in this 2019-2020 academic year the UPC community consisted of 33031 grade, 

master, and doctorate students [W41]. Therefore, it can be said that approximately 21.50 € / year per 

student is being paid. As it is considered that one month has been worked (300h employed in total 

between 8h / day is equivalent to 37.5 days, rounding is one month), the cost of this service is equivalent 

to1.79 € 

The internet rate currently in Spain is around 40 € per month since the average uses 100 Mbps (megabit 

per second) fiber optics. Finally, the price of a computer, taking into a count that a basic computer is used, 

is  400€. According to the Agencia Estatal de Administración Tributaria of Spain (Hacienda), the 

amortization of the information processing equipment is 25% per year [W42], but since it has only been 

used for a month, it can be said that the acquisition of a computer for this project will cost 8.33€. 

Afterward, the variable cost will be detailed. Currently, the price of kWh depends on the company and the 

contracted rate in Spain. An estimated value can be 0.094 €/ kWh [W43]. Assuming that the basic-level 

computer consumes on average it consumes 220W [W44] and has been used for 300h, in total 

consumption it has been 66kWh. On the other hand, to calculate the consumption of a light bulb, you 
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must know the power of that light bulb in kW and know how long it has been used. A household LED bulb 

has a power of 4W and one of the traditional 80W bulbs [W45]. In this case, the average value of 42W will 

be considered. As it has been used for 300h in total, the consumption will be 12.6 kWh. In total the cost 

of electricity consumption will amount to about 7.50€ . 

 

Adding all the previous values, the total cost of this project amounts to approximately 3,538 €. As 

previously mentioned, this cost corresponds mainly to the price of labor.
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Annex A: Stainless Steel 

Overview of stainless steels 

Stainless steels can be defined as an alloy of iron and carbon that contains by definition a minimum of 11% 

chromium. Some types of stainless steel also contain other alloying elements. The main ones are nickel 

and molybdenum  

Stain steels are one of the most used alloys of iron, there is a huge amount of applications due to a wide 

variety of composition in the alloy. They are characterized by their corrosion-resistant properties. The 

characteristics of these alloys associated with oxidation resistance are due to the spontaneous formation 

of an invisible and adherent chromium-rich surface oxide film. This film has the ability to self-generate and 

self-repair in the presence of oxygen. 

In this paragraph, the different advantages and disadvantages that stainless steels generally present will 

be exposed. For example, low alloy steels have high resistance to corrosion under atmospheric conditions; 

if these are highly alloyed, corrosion resistance is obtained even in acidic media and at high temperatures. 

In relation to temperature, most steels resist large thermal variations, their mechanical properties almost 

constant. For example, some steels demonstrate exceptional hardness at cryogenic temperatures. It is 

worth mentioning that its mechanical resistance can be modified, some steels can be hardened by cold 

work, and others by heat treatments or other mechanisms as will be mentioned later. Most stainless steels 

can be treated with relative ease, being able to be cut, welded, forged, and machined. It is true that they 

can be dented or scratched and their repair, regarding aesthetics, is difficult to carry out. In short, it has 

many suitable properties for its employability in many industrial sectors, but it is true that its tendency to 

be a good thermal conductor and its considerable cost reduce its range of applications. 

Chromium is an element that provides resistance to oxidation. To increase the corrosion resistance, the 

chromium concentration can be increased and/or other elements such as nickel or molybdenum can be 

added. The degree of the impenetrability of the oxide layer in certain environments depends not only on 

the composition of the alloy, but it is also affected by the specific medium, its temperature, and the 

concentration of the corrosive agent. Other elements can be added to stabilize the desired phases and 

obtain improved mechanical properties such as toughness. These alloying elements can, therefore, be 

classified according to the phase that is favoured to stabilize. 

As a curiosity, here are three erroneous claims or beliefs about stainless steel. The first of them is that 

many consider them as a special coating applied to steel, as if it were a surface treatment, ignoring the 

fact that it is a solid material. It is true that common steels are usually covered or "plated" with white 
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metals such as chrome, nickel or zinc to modify their surface. The coatings have the disadvantage that 

they can be damaged, causing dire consequences on the material, such as accelerating corrosion due to 

the effect known as "galvanic cell formation". This does not occur in the case of stainless steels. Another 

belief is that stainless steels are not magnetic. This popular belief is false since stainless steels are 

ferromagnetic, so they do have magnetism. It is true that austenitic steels are not magnetic and there are 

some demagnetization treatments, hence the belief that only common steels are magnetic and therefore 

a way to differentiate ordinary steel from stainless steel could be through a magnet. Finally, the belief that 

they are stainless. Stainless steels show oxidation phenomena, the formation of the passive layer of 

chromium oxide. Furthermore, if they are not maintained properly or if they are exposed to unfavourable 

media and conditions, they can also suffer undesirable corrosion. Therefore, naming them stainless would 

not be entirely correct, since what happens is that they have a greater resistance to oxidation than carbon 

steels. 

Diagram of stainless steels and their microstructures. 

In this chapter, the different diagrams of the main elements of the alloys of stainless steels will be shown. 

Fe-Cr diagram 

Figure 65 shows the equilibrium diagram of the iron (Fe) and chromium (Cr) alloy. In this, you can see the 

different types of stainless steels according to the stable phase: ferritic, martensitic, austenitic, duplex and 

precipitated hardened. 
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Figure 65 Fe Cr diagram [476] 

As can be seen, if the alloy contains less than 12% Cr, the stable structure becomes austenite (gamma 

phase) upon heating. If it cools quickly, martensitic stainless steel is achieved. If, on the other hand, the 

alloy contains between 12 and 13% of Cr, at high temperatures biphasic structures (alpha and gamma) are 

formed, which when rapidly cooled, its stable structure will be formed by ferrite and martensite (ferritic-

martensitic stainless steels). Alloys that contain more than 13% Cr are called ferritic stainless steels since 

they will maintain the ferritic structure until it reaches its melting point. It is true that there are two 

exceptions, the Fe-Cr alloys with chromium content between 25-42% and 48-65%, which at temperatures 

between 600 and 900ºC, an intermetallic phase called sigma appears that coexists with the ferrite. The 

sigma phase is a very hard, brittle phase and can dissolve in ferrite if heated above 900ºC.[477, 478] 

Carbon influence diagram.  

Carbon influences the stability of the phases. The Fe-Cr diagram is modified with the carbon concentration 

in the alloy. As seen in Figure 66, the gamma loop shifts to the right as it increases of % C. Therefore, it can 

be stated that carbon will favour the formation of the gamma phase, being a stabilizing gamma element. 

But this statement is not entirely correct, since amounts greater than 0.4% carbon, the gamma loop no 

longer expands with increasing carbon and excess carbon will form iron and chromium carbides.  
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Figure 66 Influence of carbon on the Cr Fe diagram in the gamma phase.[478] 

In this diagram, it can also be seen that for the Fe-Cr-C stainless steel alloys, if the Cr content is greater 

than 27%, ferritic phases will always be obtained, independently of the compositions of the other 

elements. Alternatively, it is also observed that the martensitic structure at room temperature is present 

if the alloy contains up to approximately 17% chromium.[478] 

Fe-Cr-Ni phase diagram  

Nickel expands the stability field of austenite and lowers the alpha-gamma transformation temperature. 

In Figure 67 the ternary diagram of Fe-Cr-Ni alloy at room temperature is shown, showing the different 

stable structures depending on the composition of the alloy.  
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Figure 67 Fe Cr Ni diagram at room temperature [476] 

The sigma phase is due to the presence of ferrite when it is kept for a long time at temperatures between 

600 and 900 ºC, transforming itself into an intermetallic compound of iron and chromium. It is 

characterized by its loss of ductility, resilience, and high hardness. The sigma phase not only forms in steels 

with high chromium content but can also occur in ferritic steels with chromium contents from 14%, in 

austenitic and austenitic-ferritic steels. [477] 

Schaeffler diagram 

The Schaeffler diagram is derived from the Maurer diagram, which presents the structures that Cr-Ni steel 

will present according to their percentages. Anton Schaeffler improved and incorporated the influence of 

different alloying elements on the formation of ferrite or austenite phase. Appearing the concept of 

chrome and nickel equivalent. The equivalent chromium incorporates the alpha elements (elements that 

form and stabilize the ferrite or alpha phase) and the nickel equivalent to the gammagenes (austenite or 

gamma phase forming). Each element is multiplied by a correction factor that depends on its degree of 

influence on the formation of the corresponding phase. 

𝑪𝒓𝒆𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 = %𝑪𝒓 +%𝑴𝒐 + 𝟏. 𝟓 · %𝑺𝒊 + 𝟎. 𝟓⁡%𝑵𝒃 Eq. 29 

𝑵𝒊𝒆𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 = %𝑵𝒊 + 𝟑𝟎 · %𝑪 + 𝟎. 𝟓 · %𝑴𝒏 Eq. 30 

Figure 68shows the typical phases of stainless steels when cooled at normal speeds taking into account 

the percentage of chromium and nickel equivalent: austenite, ferrite and martensite. [478] 
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Figure 68. Schaeffler diagram[478] 

Classification and the most common stainless steels. 

The stain steels are classified according to metallographic phase they contain and fall into several main 

categories as austenitic, ferritic, martensitic, duplex steels and precipitation hardening stainless steel. It is 

true that some authors also speak of other grades of stainless steel such as superferritic and super 

austenitic stainless steel 

Austenitic, ferritic, and duplex stainless steels cannot be hardened by heat treatment, and therefore, alloy 

and thermomechanical processing are designed to minimize the formation of phases detrimental to 

corrosion resistance or toughness. In austenitic stainless steels, they can also be hardened by cold 

deformation or by deformation-induced martensite formation. Martensitic stainless steels can be heat 

treated by quenching and tempering at high hardness and strength. Another way of hardening stainless 

steels is through the formation of precipitates (aging). 

Within each of these classes of stainless steels, there are different series of steels, and within the series, 

there are different grades. There are many grades in addition to different denominations, each with its 

respective composition that gives it specific properties. Below is a summary in the Table 15 of the different 

types of most common stainless steels classified according to their phase. In addition, the percentages of 

the alloying elements will be detailed. Some types of these stainless steels will be detailed later.  
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As mentioned, there are many ways to name stainless steels, depending on the country and/or the 

institution related to their manufacture or use. The nomenclature of stainless steels follows the same 

standards as that of steels. Restricting only to the American system (the most used), it is relevant the 

influence on the designation of steels of institutions such as ASTM (American Society for Testing and 

Materials), AISI (American Iron and Steel Institute), ASME (American Society of Mechanical Engineers), SAE 

(Society of Automotive Engineers), ANSI (American National Standards Institute), ACI (Alloy Casting 

Institute) and AWS (American Welding Society). Due to the possible confusions created, the 

systematization has been tried to be solved by means of a unified numerical system by ASTM and SAE, 

under the name of UNS (Unifred Numbering System). It is true that it is often little known and used, due 

to the custom of using, normally, the nomenclature established by AISI. 

What follows in this chapter is the presentation of different types of steels, along with some of their 

respective grades of steels. 

.
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Table 15. Different types of stainless steels and their composition [W46] 

Stainless 
steel 

AISI UNS %Cr %Ni %C %Mn %Si %P %S % N Others 

AUSTENITIC 

201 S20100 
16.00–
18.00 

3.50–5.50 0.15 5.50–7.50 0.75 0.06 0.03 0.25 - 

202 S20200 
17.00–
19.00 

4.00–6.00 0.15 7.50–10.00 0.75 0.06 0.03 0.25 - 

205 S20500 
16.50–
18.00 

1.00–1.75 0.12–0.25 
14.00–
15.50 

0.75 0.06 0.03 0.32–0.40 - 

254 S31254 20.00 18.00 0.02 max - - - - 0.20 
6.00% Mo; 
0.75% Cu; 

301 S30100 
16.00–
18.00 

6.00–8.00 0.15 2.00 0.75 0.045 0.03 - - 

302 S30200 
17.00–
19.00 

8.00–10.00 0.15 2.00 0.75 0.045 0.03 0.10 - 

302B S30215 
17.00–
19.00 

8.00–10.00 0.15 2.00 2.00–3.00 0.045 0.03 - - 

303 S30300 
17.00–
19.00 

8.00–10.00 0.15 2.00 1.00 0.20 >0.15 - 0.60% Mo 

303Se S30323 
17.00–
19.00 

8.00–10.00 0.15 2.00 1.00 0.20 0.06 - 0.15% Se 

304 S30400 
18.00–
20.00 

8.00–10.50 0.08 2.00 0.75 0.045 0.03 0.10 - 

304L S30403 
18.00–
20.00 

8.00–12.00 0.03 2.00 0.75 0.045 0.03 0.10 - 

304Cu S30430 
17.00–
19.00 

8.00–10.00 0.08 2.00 0.75 0.045 0.03 - 
3.00-4.00% 

Cu 

304N S30451 
18.00–
20.00 

8.00–10.50 0.08 2.00 0.75 0.045 0.03 0.10–0.16 - 

305 S30500 
17.00–
19.00 

10.50–
13.00 

0.12 2.00 0.75 0.045 0.03 - - 
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308 S30800 
19.00–
21.00 

10.00–
12.00 

0.08 2.00 1.00 0.045 0.03 - - 

309 S30900 
22.00–
24.00 

12.00–
15.00 

0.2 2.00 1.00 0.045 0.03 - - 

309S S30908 
22.00–
24.00 

12.00–
15.00 

0.08 2.00 1.00 0.045 0.03 - - 

310 S31000 
24.00–
26.00 

19.00–
22.00 

0.25 2.00 1.50 0.045 0.03 - - 

310S S31008 
24.00–
26.00 

19.00–
22.00 

0.08 2.00 1.50 0.045 0.03 - - 

314 S31400 
23.00–
26.00 

19.00–
22.00 

0.25 2.00 1.50–3.00 0.045 0.03 - - 

316 S31600 
16.00–
18.00 

10.00–
14.00 

0.08 2.00 0.75 0.045 0.03 0.10 
2.00-3.00% 

Mo 

316L S31603 
16.00–
18.00 

10.00–
14.00 

0.03 2.00 0.75 0.045 0.03 0.10 
2.00-3.00% 

Mo 

316F S31620 
16.00–
18.00 

10.00–
14.00 

0.08 2.00 1.00 0.20 >0.10 - 
1.75-2.50% 

Mo 

316N S31651 
16.00–
18.00 

10.00–
14.00 

0.08 2.00 0.75 0.045 0.03 0.10–0.16 
2.00-3.00% 

Mo 

317 S31700 
18.00–
20.00 

11.00–
15.00 

0.08 2.00 0.75 0.045 0.03 <0.10 
3.0–4.0% 

Mo 

317L S31703 
18.00–
20.00 

11.00–
15.00 

0.03 2.00 0.75 0.045 0.03 <0.10 
3.0–4.0% 

Mo 

321 S32100 
17.00–
19.00 

9.00–12.00 0.08 2.00 0.75 0.045 0.03 <0.10 
%Ti= 5(C+N) 
min, 0.70% 

max 

329 S32900 
23.00–
28.00 

2.50–5.00 0.08 2.00 0.75 0.04 0.03 - 
1.00–2.00% 

Mo 

330 N08330 
17.00–
20.00 

34.00–
37.00 

0.08 2.00 0.75–1.50 0.04 0.03 - - 
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347 S34700 
17.00–
19.00 

9.00–13.00 0.08 2.00 0.75 0.045 0.03 - 
Nb+Ta= 10C 
min, 1.00% 

max 

348 S34800 
17.00–
19.00 

9.00–13.00 0.08 2.00 0.75 0.045 0.03 - 

Nb+Ta=10C 
min, 1.00% 

max, but 
0.10 %Ta 

max; 0.20% 
Ca 

384 S38400 
15.00–
17.00 

17.00–
19.00 

0.08 2.00 1.00 0.045 0.03 - - 

FERRITIC 

405 S40500 
11.50–
14.50 

- 0.08 1.00 1.00 0.04 0.03 - 
0.10–0.30% 

Al 

409 S40900 10.5–11.75 0.05 0.08 1.00 1.00 0.045 0.03 - Ti =6(C + N) 

429 S42900 
14.00–
16.00 

0.75 0.12 1.00 1.00 0.04 0.03 - - 

430 S43000 
16.00–
18.00 

0.75 0.12 1.00 1.00 0.04 0.03 - - 

430F S43020 
16.00–
18.00 

- 0.12 1.25 1.00 0.06 >0.15 - 0.60% Mo 

430FSe S43023 
16.00–
18.00 

- 0.12 1.25 1.00 0.06 0.06 - >0.15% Se 

434 S43400 
16.00–
18.00 

- 0.12 1.00 1.00 0.04 0.03 - 
0.75–1.25% 

Mo 

436 S43600 
16.00–
18.00 

- 0.12 1.00 1.00 0.04 0.03 - 

0.75–1.25% 
Mo; Nb+Ta= 

5C min, 
0.70% max 

442 S44200 
18.00–
23.00 

- 0.20 1.00 1.00 0.04 0.03 - - 

446 S44600 
16.00–
18.00 

0.25 0.20 1.50 1.00 0.04 0.03 - - 
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MARTENSITI
C 

403 S40300 
11.50–
13.00 

0.60 0.15 1.00 0.50 0.04 0.03 - - 

410 S41000 
11.50–
13.50 

0.75 0.15 1.00 1.00 0.04 0.03 - - 

414 S41400 
11.50–
13.50 

1.25–2.50 0.15 1.00 1.00 0.04 0.03 - - 

416 S41600 
12.00–
14.00 

- 0.15 1.25 1.00 0.06 0.15 min - 0.06% Mo 

416Se S41623 
12.00–
14.00 

- 0.15 1.25 1.00 0.06 0.06 - 0.15 Se min 

420 S42000 
12.00–
14.00 

- >0.15 1.00 1.00 0.04 0.03 - - 

420F S42020 
12.00–
14.00 

- >0.15 1.25 1.00 0.06 0.15 min - <0.60% Mo 

422 S42200 
11.00–
12.50 

0.50–1.00 0.20–0.25 0.50–1.00 0.50 0.025 0.025 - 

0.90–1.25 
%Mo; 0.20–

0.30% V; 
0.90–1.25% 

W 

431 S41623 
15.00–
17.00 

1.25–2.50 0.20 1.00 1.00 0.04 0.03 - - 

440A S44002 
16.00–
18.00 

- 0.60–0.75 1.00 1.00 0.04 0.03 - 0.75% Mo 

440B S44003 
16.00–
18.00 

- 0.75–0.95 1.00 1.00 0.04 0.03 - 0.75% Mo 

440C S44004 
16.00–
18.00 

- 0.95–1.20 1.00 1.00 0.04 0.03 - 0.75% Mo 

DUPLEX 

 S31200 
24.00-
26.00 

5.50-6.50 0.03 2.00 1.00 0.045 0.03 0.14-0.20 2.00% Mo 

 S31260 
24.00-
26.00 

5.50-7.50 0.03 1.00 0.75 0.03 0.03 0.10-0.20 
10.00% Wo; 

3.00%Mo 

 S31803 
21.00-
23.00 

4.50-6.50 0.03 2.00 1.00 0.03 0.02 0.08-0.20 3.00% Mo 
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 S32001 
19.50-
21.50 

1.00-3.00 0.03 4.00-6.00 1.00 0.03 0.03 0.05-0.17 0.60% Mo 

2205 S32205 
22.00-
23.00 

4.50-6.50 0.03 2.00 1.00 0.03 0.02 0.14-0.20 3.50% Mo 

2304 S32304 
21.50-
24.50 

3.00-5.50 0.03 2.50 1.00 0.03 0.03 0.05-0.20 0.60% Mo 

 S32520 
24.00-
26.00 

5.50-8.00 0.03 1.50 0.80 0.03 0.02 0.20-0.35 3.50% Mo 

255 S32550 
24.00-
27.00 

4.50-6.50 0,04 1.50 1.00 0.04 0.03 0.10-0.25 3.50% Mo 

2507 S32750 
24.00-
26.00 

6.00-8.00 0.03 1.20 0.80 0.035 0.02 0.24-0.32 4.00% Mo 

 S32760 
24.00-
26.00 

6.00-8.00 0.03 1.00 1.00 0.03 0.01 0.20-0.30 3.50% Mo 

329 S32900 
23.00-
28.00 

2.50-5.00 0,06 1.00 0.75 0.04 0.03 -  

PRECIPITATI
ON 

HARDENING 
630 S17400 

15.00-
17.00 

3.00-5.00 0.07 1.00 1.00 0.04 0.03 - 
Cu 3-5, Ta 

0.15-
0.45 [13] 
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Martensitic stain steels 

Martensitic stainless steels are essentially Fe-Cr alloys that contain between 12 and 17% Cr and between 

0.15 and 1% C, enough carbon so that the martensitic structure can be produced from the heat treatments 

of the austenitized and the quenching. 

This type of steel seeks to improve solidity and hardness, although this involves sacrificing resistance to 

corrosion. To improve this corrosion resistance, it must rise to almost 1% C, allowing the alloy to contain 

around 16% Cr to produce a martensitic structure by being able to perform austenitizing and having 

enough chromium to form the thin passive layer of chromium oxide.[479] 

Within this type of stainless steels are the 440C alloys, which are higher hardness martensitic stainless 

steels, due to the martensitic matrix and the presence of primary carbides, as can be seen in the 

microstructure shown in Figure 69. 

 

Figure 69. Martensitic stainless steel hardened by austenitized at 1010 ºC and tempered. The structure consists 

of primary carbides and ferrite phase retained in a martensite matrix. [W46] 

Its main applications in the industry are turbine blades, valve seat linings, pump casings, valve and 

compressor bodies, shafts, spindles, bolts, cutlery, razor blades, and surgical instruments. 

Austenitic stainless steels 

This type of steels are ternary alloys of chromium nickel iron that contain between 16 and 25% of Cr and 

between 7 and 20% of Ni. Nickel has an FCC (face-centred cubic) structure and its presence in the alloy 

allows this structure to be maintained at room temperature, giving the material high moldability. These 
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steels also have a greater resistance to corrosion than those of the ferritic and martensitic type because 

the carbides are preserved in solid solution by means of rapid cooling. 

If, on the other hand, said alloys cool slowly from high temperatures (600 to 870ºC), the carbides 

contained in the alloy precipitate in the limits of the grain, making the material susceptible to intergranular 

corrosion. This drawback can be avoided, in a way, by reducing the carbon content to approximately 0.03% 

C. 

Austenitic stainless steels are best suited for use at temperatures as low as -270ºC. Due to this and their 

properties mentioned above, they are used in plants and equipment in the chemical and food industries. 

They are also often given architectural use. 

AISI 316L Stainless steel 

Stainless steel of grade 316L is classified as austenitic, body centred cubic (BBC). 316L has improved 

corrosion resistance if it is compared with others as 304L. This is because Molybdenum (Mo), which is a 

stabilizer of the passivating layer, has been added to the alloy. 

The typical composition of the 316L stainless steel the nickel is added as an austenite stabilizer, in addition 

to increase the impact strength. The amount of Nickel (Ni) addition must be balanced again Chrome (Cr) 

and Mo content as both are ferritic stabilizer, face centred cubic (FCC).[480] The Cr and the Mo are added 

to increase the corrosion resistant of the stainless steel. The Cr form a passive chromium oxide layer, but 

is needed a minimum of about 11 wt.% Cr. [481]  On the other hand, Mo also increases strength and 

hardness. The contribution can be seen at Mo contents as 2 wt. %. [480, 481]. Sometimes Copper (Cu) can 

be added to increase the corrosion resistance in acid environments, but is not as strong as Cr or Mo. [482] 

Other desirable characteristics may include excellent formability, high ambient temperature and 

cryogenic toughness, and good resistance to peeling, oxidation, and creep at elevated temperatures.[483] 

Table 16. Chemical composition of AISI 316L stainless steel powder.[373] 

 C Si Mn Cr Mo Ni Nb Ti Fe 

Wt.% 0.02 0.50 1.80 16.70 2.00 10.00 0.02 0.05 Bal. 

 

One common material for use in AM is stainless steel 316L due to its wide use in bio-materials, automotive 

parts, nuclear reactors and anywhere corrosion resistance in required. Binder jet metal parts 

manufactured using the 316L Stain Steel have a density close to that of metal, in other words, the porosity 

of the piece is negligible. This provides, sometimes, the part with mechanical properties similar to the 

conventionally manufactured parts. The aforementioned and the extensive existing knowledge about this 
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material were ones of the reasons why HP decided to use this material as the first material in metal 3d 

printing before moving on to other metals such as titanium or aluminium.  

 

Although the material is widely known, the interaction of the printed part with the complex post-printing 

processes such as super solidus liquid phase sintering is not as well known. In this section, a description of 

this material will be featured below, evincing its chemical composition and other properties, focusing on 

the 316L powder. 

The 316L stainless steel (SS316L) as an austenitic stainless steel is widely used in medicine and industry 

due to its good weldability and machinability and in combination with high corrosion resistance.[484] 

Ferritic stainless steels 

The ferritic structure of these steels is maintained at any temperature, therefore there are no 

transformations to other phases or the possibility of grain regeneration. Furthermore, recrystallization is 

possible by cold plastic deformation, previous annealing or by hot deformation. 

This type of stainless steels have a composition with a maximum carbon content of 0.12% and between 

11 to 30% of Cr. The chromium content has a negative influence on resilience (increasing %Cr decreases 

resilience). Ferritic stainless steels have a relatively low cost since they do not contain nickel. They have 

high resistance to corrosion and heat, but the presence of carbides reduces this resistance. New ferritic 

stainless steels with low levels of carbon and nitrogen have recently been developed, improving resistance 

to corrosion. 

Its structural behaviour is governed by the guidelines of the crystalline form BCC (body-centred cubic 

structure). Its main application are as general construction materials. 

Figure 70 shows the structure of a ferritic stainless steel consisting of an equiaxed grain ferrite matrix and 

dispersed carbide particles. 
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Figure 70. Microstructure of Ferrtic grain AISI409 stainless steel sheet showing fully ferritic structure.[485] 

Due to their properties, we find that they are mainly used in: deep stamping of pieces; applications of 

resistance to cracking by corrosion of chloride stresses, in aqueous media, high-temperature oxidation 

and pitting corrosion; automobile exhaust pipes, radiator tanks, and sewers; decorative ornaments; parts 

of furnaces, nozzles and combustion chambers; and lastly hot water tanks. 

Duplex steels 

 Duplex stainless steels, also known as austenitic-ferritic stainless steel, from the grade family with equal 

proportions of ferrites and austenites. These steels have a double microstructure that contributes to their 

high strength and high resistance to stress corrosion fracture. Another peculiar feature is that they are 

magnetic materials. 

Due to their high chromium, nitrogen and molybdenum content, duplex steels offer good uniform and 

local corrosion resistance. These steels are also easy to weld. As previously mentioned, they are not 

hardened by heat treatment.  

Duplex steels can be found in oil heat exchanger turbines, offshore platforms, gas wells, in valves used to 

handle seawater, or in smelter pumps. The chemical processing industry also employs them in some 

equipment, as do flagging and petrochemical plants. In short, they are usually used in corrosive media and 

at high temperatures. 

Precipitation-hardened stainless steels 

Their main alloying elements are iron, chromium and carbon (Fe-Cr-C), but also other alloying elements 

that produce the hardening by precipitation such as Molybdenum, Titanium, Nitrogen, Copper, 

Aluminium, Tantalum, Niobium, Boron and Vanadium.. This type of stainless steels have a chromium 
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percentage between 12 and 18% and nickel is between 4 and 9%. Its hardening is due to processes such 

as deformation hardening, aging and martensitic transformation. 

The remarkable properties of these alloys are the high mechanical resistance compared to other stainless 

steels. It can reach a modulus of 1800MPa, much higher than that of martensitic stainless steels. It also 

maintains resistance to corrosion. Like duplexes, they have magnetism and good weldability. 

Some of its applications are in parts that work at high temperatures such as heat exchangers and 

superheat tubes or steam boilers. Also aerospace and marine components, food product tanks, parts of 

pumps or in work tools such as saws, knives and flexible bellows type gaskets. 

Stainless steel traditional manufacturing process. 

The stainless steel manufacturing process begins with the selection of the raw material. The main raw 

material used is usually iron scrap, iron metal, ferroalloys, and other minerals. All of these must pass a 

rigorous control process that guarantees their quality. 

Once the necessary materials have been selected, we proceed to what would be considered as the first 

phase, the steelworks. Here scrap metal is melted in a large capacity electric arc furnaces. These furnaces 

use graphite electrodes that allow high melting temperatures to be reached. 

Continue refining the steel to remove impurities and reduce carbon content using a converter. The molten 

steel is brought to the converter using a transfer ladle. This phase begins with a blowing of oxygen and 

inert gas and ends with the refining of the alloy, reducing the carbon level of the broth, as mentioned. In 

addition, the metal present in the metal oxides is recovered and the sulphur content decreases. At this 

stage, the chemical composition of the alloy must also be controlled in real-time and precisely adjusted, 

adding the desired elements. 

Subsequently, the steel broth is transferred to the pouring ladle, to later go to the trough. The trough is a 

large container that receives the steel from the ladle prior to its introduction into the continuous casting 

machine; therefore, it is a distributor where the retention of slag particles is facilitated and thus prevent 

it from reaching the mould. The next step is solidification through the continuous casting machine. 

Products obtained after solidification must be inspected to assess surface quality. 

The hot rolling stage begins with the preheating of the solid steel in natural gas furnaces. The residual heat 

is recovered in a heat exchanger generating steam and thus reduces the carbon dioxide footprint. The first 

stage of rolling is carried out in a devastating reversible train in which a sheet of a specific thickness is 

obtained after several passes. Subsequently, jets of water are applied for chipping steel. Vertical cylinders 

make the edges of the sheets of good quality and thus a width within the desired range is obtained. The 
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winders inside the oven keep the temperature high and thus facilitate the process by preventing the 

material from hardening. After finishing, the steel sheet is cooled with water.  

The next stage will depend on the desired thickness. If the thickness is between 2 and 10 mm, the steel 

sheet is passed through a winder obtaining a black coil. After this, the black coil is cold rolled. The 

properties of the metal must be recovered, carrying out a thermal regeneration. The annealing process 

consists of a heat treatment in which the austenitization temperature is exceeded and then rapidly cooled. 

The thickness of the sheet can be adjusted by means of a specific reversible rolling mill, changing the 

cylinders at certain times in order to achieve a uniform and quality finish. Always, after each laminate, an 

annealing treatment must be carried out to recover the characteristic mechanical properties of stainless 

steels. 

If you want to obtain the characteristic appearance of stainless steels, the sheet must be subjected to a 

pickling treatment. In addition, a matte or glossy finish can be given and, for this, the sheet will be passed 

through certain lines that give rise to a specific final finish. Thus, stainless steel is ready to distribute. [W47] 
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Annex B: Characterization techniques 

Some of the most common techniques used are physical characterization including techniques for particle 

size analysis by laser diffraction (PSD), X-ray computed tomography (XCT) accompanied by spherical 

harmonic analysis (SH) for size and shape analysis, and scanning electron and light microscopy (SEM). 

Other techniques are sensitive to structure and chemistry, some examples are X-ray diffraction (XRD), 

energy-dispersive analytical X-ray analysis using X-rays generated during scanning electron 

microscopy(EDS-SEM), and X-ray photoelectron spectroscopy. (XPS)  

In this section the applicability of these existing standardized powders measurement methods for AM 

powders are going to be explain. 

BET technique 

The gas absorption technique under isothermal conditions can be used to calculate the specific contact 

area of a solid in the adsorption of an inert gas at a low temperature as shown by the Brunauer-Emmett-

Teller theory (BET) [486] or if the pore size is between 1.7-300 nm you can use the Barrett-Joyner-Halena 

model (BJH) [487].. 

The BET method is based on the calculation of the number of adsorbed molecules, in this case of nitrogen, 

adsorbed in monolayer, that is, the number of molecules necessary to cover the wall of the solid with a 

single layer. When a gas comes into contact with the surface of a solid, an equilibrium between adsorbed 

molecules and molecules in gas phase, which depends of the gas pressure and temperature. The 

relationship between the adsorbed molecules and the pressure at constant temperature can be collected 

in an adsorption isotherm. These isotherms directly report the volume adsorbed at a certain pressure and 

they also allow us to calculate the surface area of the solid, the size and shape of the pore and its 

distribution, heats of adsorption, etc. The BET technique uses the principle of the physical adsorption of 

inert gas (nitrogen) to vary the relationship between the partial pressure of the gas and the vapour 

pressure at the temperature of the liquid gas. The technique can be performed statically or 

dynamically.[488] 

There are also calculation procedures that allow determining the distribution of pores. The IUPAC 

classification for the pore size is given by macroporosity (when pore diameter is larger than 50nm), 

mesoporosity (between 2 and 50 nm) and microporosity (smaller than 2nm). It is known that the BET 

successfully accounts for pores below about 100nm, but we can obtain through mathematical analyses of 

BET technique such as t-plots or Dubinin-Radushkevich method the information related with smaller pores 

(microporosity).[489-491] 
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The term adsorption was introduced in 1881 to connote the condensation of gases on the free surfaces, 

unlike the gas absorption in which the gas molecules penetrate into the solid. Physical adsorption has been 

defined by the IUPAC as enrichment or emptying of one or more components in an interface. 

A generalized treatment of the physical adsorption isotherm of Langmuir. The BET equation allows the 

calculation of the monolayer surface (Eq. 31) [492]. 

𝑷

𝑽𝒂(𝑷𝟎 −𝑷)
=

𝟏

𝑽𝒎 · 𝑪
+
𝑪 − 𝟏

𝑽𝒎 · 𝑪
· (

𝑷

𝑷𝟎

) Eq. 31 

Where: 

 Va: amount of adsorbed gas at a pressure P 

 Vm: amount of adsorbed gas when the surface is covered by a monomolecular gas layer 

 C: is a constant for the gas-solid combination. It represents the relative strength of adsorption to 

the surface and condensation of the pore adsorbate. 

 P0: Saturation gas pressure (vapour pressure). 

Experimental procedure works following the next steps: add more than 100 mg of the solid sample in a 

quartz recipe of 50 mL, the solid is outgassed at 100ºC overnight (approximately 20h), reaching a vacuum 

less than 10Pa. Then, it is weighed and analysed. The vacuum is made at room temperature and the empty 

space is measured in the following way: introduce helium in the manifold at 850 mmHg and it is passed to 

the tube and the pressure is read after its stabilization. The tube is cooled to 77K, it is stabilized and the 

pressure is read again. The available volume is determined by the change of pressure and temperature. 

The He is removed and nitrogen gas is introduced and adsorbed. Progressive nitrogen P/P0 ratios are used 

to perform a multi-point BET adsorption / desorption test. The BET Surface area (SBET), pore volume (VBET), 

mean pore diameter (ФBET) and C parameter were obtained from adsorption isotherm of N2 at 77K. [493] 

 

Microscopy and image analysis. 

Microscopy is a technique used to observe and measure the particles individually. Microscopic methods 

have the advantage that they not only allow the size of irregularly shaped particles to be measured, but 

also their shape and structure. On the other hand, the drawback is that the preparation required for the 

powder sample is meticulous and time consuming. This is the reason why these methods are used more 

in research than 
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There are various microscopy techniques, and their use will depend on the desired resolution. For 

example, the interference effects do not allow to obtain reliable results when observing particles of sizes 

smaller than one micrometre through an optical microscope. In contrast, scanning electron microscopy 

(SEM) overcomes this difficulty, being a powerful method for examining powders. 

Optical microscope 

Regarding the preparation of the sample to carry out a metallographic study, it is known that it can be 

done in a variety of ways depending on the equipment available and the material used. The general steps 

to be followed are outlined below. 

The tablet will be prepared first. As it is a powder, a cold drawing will be carried out since we will avoid 

any structural modification and it will also be easier to prepare. The two main aspects that must be taken 

into account when selecting the resin to use are hardness and the so-called "edge effect". The hardness 

of the resin must be similar to the sample to be studied in order to avoid that the surface of the tablet 

undergoes undesired deformation after polishing. If the surface of the sample is not straight and parallel 

to the opposite face, when it is analysed through the microscope, it cannot be focused. On the other hand, 

the "edge effect" occurs when the resin and the sample do not stay completely together. This can be a 

problem since in this small gap, the elements used in polishing or chemical attack can reshape and cause 

an unwanted over-attack. If the sample is large there is no problem because only the surface would suffer 

this effect, but since the sample to be analysed are formed by small particles, avoiding this effect is of 

great importance. As mentioned, cold drawing is selected using moulds. Two types of resins can be used: 

methacrylate or epoxy. Methacrylate resins harden quickly (approximately 15 minutes) and there are 

several types, depending on the desired hardness. This type of resins is the most widely used. Epoxy resins, 

on the other hand, have a long hardening process (6 hours). They are transparent and are used if the edge 

effect needs to be minimized as much as possible. On the other hand, the type of mould also influences 

the edge effect. If a soft silicone mould is used, it undergoes a slight deformation during the curing of the 

resin and this can make the unwanted effect more pronounced. On the other hand, hard moulds like 

Teflon do not cause this problem. It is true that if the epoxy resins are used, only polypropylene moulds 

can be used since they are the only ones that will not be attacked by the epoxy resin. In the case of metallic 

powder, what is done is to add a small amount of powder, forming a thin layer at the bottom of the mould, 

and then it is completely filled with the selected resin. 

After drawing, we proceed to roughing and sanding. In this process, there are different aspects to take 

into account such as the applied pressure, the speed of rotation, the type of sandpaper, among others. 

The turning speed of the sanding should be between 150 and 250 rpm. Working at higher speeds is not 

recommended as it would cause a scratch on the surface and then it is difficult to remove such scratches. 

If the metal is soft, the speeds should be as low as possible. Try to make the direction of rotation the same 

as that of the plate of the sample holder head. This is also done to avoid unwanted scratches. There are 
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different types of sandpaper and they will be used depending on the material to be sanded. Silicon Carbide 

sandpaper is the most widely used sandpaper, zircon sandpaper is used for grinding as it has a high sanding 

power, and it does not pollute as silicon sand does. Finally, diamond sandpaper is the sandpaper that 

achieves great flatness in the samples and removes a large amount of material in a short time. They are 

the most recommended in hard materials. Sanding must also take into account the applied pressure, 

which will depend on the grain size of the sandpaper and the material. If it is desired that the sample be 

not heated during sanding, water, or alcohol can be made to flow, which will act as lubricants. After each 

step, the surface and sandpaper must be cleaned with water.  

The next step is to polish. In this operation, the turning speed will depend on the polishing material, but 

should never exceed 200 rpm. There are several types of fabric, depending on the polishing material and 

grain size. For initial polishing, monocrystalline or polycrystalline diamond cloths with a grain size between 

15 and 1 micron are used. Monocrystalline diamond has the advantage of having a better value for money 

and is, therefore, the most widely used. Polycrystalline diamond is more efficient but its cost is higher, so 

it is generally used in hard materials. For final polishing, polishing oxide cloths (alumina or silicon) with a 

grain size of less than 1 micron are generally used. Alumina is used only when you want to do a high 

magnification study without scratches. Its grain size is 0.06 microns and it is widely used in the polishing 

of hard materials as steel particles. Final polishing with silicon or colloidal quartz is also used for high-

magnification studies, but is instead used on soft materials such as aluminium, bronze, or copper. If it is 

titanium, a silicon gel with an acidic pH should be used, since this prevents distortion of the metallographic 

structure during said polishing. As can be seen, during the polishing process the cloths are changed, to 

obtain a smoother surface, until reaching a mirror surface. It is very important to have a great cleaning of 

the samples between cloth and cloth, even more than in sanding. In the case of the alumina cloth, it is 

vitally important to clean the cloth with water since if it is not cleaned, the cloths will crack when dried 

and can no longer be used. 

At the end of everything, depending on the metal to be studied, a chemical attack must be carried out to 

reveal the phases. In addition to all of the above, there are different aspects to consider depending on the 

metal. [W40] 

 

Scanning Electron Microscope (SEM) 

A SEM uses a focussed beam of electrons to create a magnified image of a sample. The electron beam is 

scanned in a regular pattern across the surface of the sample and the electrons that come out of the 

sample are used to create the image, as you can see in the Figure 71. 
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Figure 71. Electron band of SEM [W49] 

Secondary electrons give information of the surface topography while backscattered electrons give images 

of surface composition. X-rays characteristic of the chemistry of the material are generated as a result of 

the interaction of the electron beam with the sample, and provide a qualitative analysis of the chemistry 

and, with the proper calibration of the instrument, also quantitative.  (Figure 72). The interaction volume 

for X-ray microanalysis depends on the accelerating voltage. For steels, an accelerating voltage of 15 kV 

allows the analyses to have a sensitivity of a depth of approximately 1 μm. [W50] 

 

Figure 72. Volume of interaction on a compact sample and the origin of the different detectable signals and b) 

Different modes of emission of electrons from the incidence of an electron beam: Secondary 

electrons are inelastically dispersed and elastically backscattered. The Auger electrons and the X-

rays are caused by the ejection of electrons from inner layers compensated by electrons from higher 

orbital layers, thus occupying the vacant energy level, or there is an excess of energy in the form of a 

characteristic X-ray or the expulsion of an electron to an outer orbital. 
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In an electron microscope, electromagnets are used to focus the electrons as it is shown in the Figure 73. 

The interaction of the electron beam with the surface of the sample affects the images that we achieve. 

The most significant working parameters are: the electrical voltage, the spot size, the display magnification 

and the working distance (WD).[494] 

 

Figure 73. SEM equipment [W49] 

This technique is highly versatile due to the high magnification capacity, greater than 10,000 

magnifications and the ability to produce three-dimensional images. This last characteristic derives from 

the fact that its depth of field is one hundred times that corresponding to an optical microscope (in the 

range of 1 μm at 10,000 magnification and 2 mm at 10 magnification).[495] 

As already mentioned, the SEM can offer different information depending on the detector used. The most 

commonly used detectors are detailed below: 

 Secondary Electron Detector (SE) - Provides a typical black and white image of the surveyed 

surface topography. This is the most suitable signal for observing samples, as it has the highest 

resolution. 

 Backward Scattered Electron Detector (BSE): also offers a surface image but with a lower 

resolution. Its advantage is that it is sensitive to variations in the atomic number of elements on 

the surface. On a smooth surface, you will see different shades of grey depending on whether 

there are multiple phases with different elements. 
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 X-ray detector (EDS): receives X-rays from each point on the surface scanned by the electron 

beam. Since the energy of each radiograph is characteristic of each element, it provides 

qualitative and quantitative analytical information on areas of the desired size on the surface. For 

this reason, this technique is known as EDS Microanalysis. This technique gives information about 

"Bulk" concentration of elements present in a sample, but very little information about the 

speciation or oxidation state of each element.[496, 497] 

 X-ray Detector (WDS): Similar to the previous detector, but instead of receiving and processing 

the energy of all X-rays at the same time, it only measures the signal generated by a single 

element. Although this technique is slower, it makes it much more sensitive and accurate than 

EDS. They are complementary, since EDS offers good information on all the elements on the 

sample surface, and WDS can solve peaks of elements whose emission energies are very close 

and can detect much smaller concentrations of any element, particularly light elements. 

 Electron backscatter diffraction detector (BSED): in this case, it only receives electrons diffracted 

by the surface of the sample that comply with Bragg's law at the point where they are generated, 

that is, the signal provides information about the crystal structure of the sample. If you already 

know the crystalline phase or phases in your sample, the system can process the received signal 

as Kikuchi lines and offer various crystallographic information: grain orientation, relative 

orientations, texture, phase identification, pressure evaluation, grain edges and size grain. 

The powder sample should be prepared as follows: deposit a small amount on a sample holder, fixing it 

with a double-sided carbon tape. It is necessary that the tape be carbon since both it and the sample must 

be electrically conductive to avoid the accumulation of electrostatic charges on the surface. In order for 

the analysis obtained with this technique to be accurate, it is necessary to work with a smooth and flat 

surface and appropriate reference standards for the calibration. 

The SEM is used for the study of all the morphological properties of the particles (size, shape, surface 

structure, coating or oxide films, inclusions, surface voids, roughness and others). 

Electronic probe X-Ray Microanalysis (EPMA) 

Electronic microprobe analysis (EPMA) is a modern technique, of great precision and sensitivity. EPMA is 

an SEM but its purpose is to perform quantitative X-ray microanalyses using dispersive wavelength (WDS) 

and energy dispersive (EDS) spectrometers to determine the chemical composition of a solid substance, 

in very small areas (on a micrometre scale). [497] 

As mentioned, the SEM usually has an EDS incorporated, but there is no mistaking it for the EPMA. 

Compared to EDS, the sensitivity of EPMA is 100 times better, reaching concentrations as low as 10 ppm. 

Another advantage that it presents is the spectrum resolution is from 4 to 60 eV, which in the EDS is 150eV. 

In short, all these advantages and many other more characteristics such as the higher imaging speed or 
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the low probability of peak overlap, make the EPMA perform more direct measurements of the X-ray 

intensities, which translates into greater precision and accuracy.[498] 

EPMA is fundamental for the development of qualitative and quantitative analysis, the principle of which 

is to bombard a fine electron beam directed at a specimen in order to measure wavelength and intensity 

of the characteristic X-rays emitted, as well as the intensities of the secondary electrons and backscattered 

electrons. EPMA allows simultaneous analysis of the microstructure or phase distribution together with 

that of the composition. [499] 

In quantitative analyses, the intensities of the specimen's x-ray lines are compared to those caused by 

standards of known composition. The measured intensities require certain instrumental corrections, 

including background removal, which is primarily the source of the "continuous spectrum" (photons 

emitted by decelerated electrons in collisions with atoms). The composition at the analysed point is 

calculated based on the intensities, corrected by the "corrections matrix", which takes into account the 

different factors that govern the relationship between intensity and composition called "matrix effects" 

(atomic number (Z), absorption (A), and fluorescence (F)). This is what is commonly applied in the form of 

ZAF corrections [500]. Correction factors for a standard specimen of the known composition should be 

determined in advance through the ZAF routine. The relative intensity of the K peak is determined by 

making a dead time correction and a reference correction on the measured X-rays. [W51]. 

As previously mentioned, it resembles an SEM and is therefore made up of parts similar to those that can 

be observed in SEM-EDS. One of the components is an optical-electronic system (EOS), consisting of an 

electron gun and a series of condenser lenses and apertures. A tungsten filament is commonly used to 

generate the electron beam by thermos-ionic emission. The created electron beam is directed through a 

vacuum chamber using the lenses to be focused on the surface of the sample. Another component is the 

WDS spectrometer, named above. This consists of a monochromemeter and a detector. The 

monochromemeter is a crystal that scatters X-rays according to Bragg's law of reflection. Most electronic 

microprobes are equipped with several crystals of different d spacing to allow analysis of a wide range of 

X-ray wavelengths. The most common crystals are lithium fluoride (LIF), pentaerythritol (PET), and 

thallium acid phthalate (TAP). These crystals cover all the X-ray wavelengths generated by the elements 

from Z = 5 (Be) to Z = 92 (U). For lighter elements, a larger space is required, and therefore the use of lead 

sterate films or laminated materials is required. [501] Like the SEM kit, an EPAM kit has an energy 

dispersing spectrometer (EDS). This solid detector allows us to analyse simultaneously all the energies of 

the X-ray photons. This is an advantage over the WDS since it allows a much faster mapping of 

compositions. EDS detectors are made up of a semiconductor, usually, Silicon or Germanic, connected to 

a field-effect transistor (FET) that serves as a preamplifier. The absorption of the X-ray photons through 

the detector crystals leads to the ejection of a photoelectron that precipitates the formation of multiple 



Introduction to the binder jet technology in additive manufacturing of metals. 

 

  167 

electron-hole pairs, which are then converted to a charge pulse which in turn is converted to voltage pulse 

that is amplified, formed and finally analysed by the associated electronics.[501, 502] 

For these techniques, the sample must be conductive. One way to prepare the sample will include the 

powders into resin inside an aluminium tube. Once the resin has cured, a metallographic polishing will be 

carried out. Specimens should be finely polished or naturally have a flat surface. Then, it will be covered 

with a thin film of carbon, gold or aluminium by vapour deposition to guarantee electrical conductivity 

with the equipment sample holder. [503] 

Dual Beam: Focused Ion Beam (FIB) and field emission scanning electron microscope 

(FESEM). 

The dual beam microscope integrates the features of a field emission scanning electron microscope 

(FESEM) with a focused Gallium ion beam (FIB) microscope.  

An FIB is comparable to a SEM, but instead of electrons, it uses a Ga+ ion beam. Ga+ ions are much heavier 

than electrons, causing stronger interaction with the sample with a lower penetration level. Because of all 

this, ions cause a breakdown of chemical bonds and ionization of atoms on the surface of the substrate. 

Since the ion beam can be focused and controlled, this effect can be used to modify the structure of the 

sample at the nanometre scale. 

On the other hand, the FESEM can work independently, with the FIB column turned off. The FESEM is an 

instrument very similar to the SEM, capable of offering a wide variety of information from the surface of 

the sample, but with higher resolution and a much higher energy range. The operation is the same as that 

of a conventional SEM, an electron beam is swept over the surface of the sample. The biggest difference 

between FESEM and SEM is the electron source. The FESEM uses as a source of electrons a field emission 

gun that provides highly focused low and high energy electron beams, which greatly improves spatial 

resolution and allows working at very low potentials (0.02 - 5 kV). Thanks to this, the loading effect on 

non-conductive specimens is minimized and damage to samples sensitive to the electron beam is avoided. 

Another very remarkable feature of the FESEM is the use of detectors inside the lens (in lens), which work 

at high resolution and very low acceleration potential, so they are essential to obtain maximum 

performance from the equipment. 

Depending on the manufacturer, the Dual Bean is made up of different components. Among the most 

common detectors is the secondary electron detector (SE2) that provides SEM topography images of the 

sample surface with a large depth of field; the backscattered electron detector (4QBSD) that is sensitive 

to the variation of the atomic number in the elements present in the sample; secondary electron detector 

in the lens, works with low energy secondary electrons and offers the highest resolution images; X-ray 

dispersive energy detector (EDS), which receives X-rays from each of the points on the surface over which 



  Master's Thesis of Mª del Mar Blanes Martínez. 
 

168 

  

the electron beam passes, providing qualitative and quantitative analytical information on the surface of 

the sample; and a backscattered dual lens secondary electron detector (EsB) located within the electron 

column and independent of the secondary lens detector, offers a pure backscattered signal, with no 

secondary electron contamination and very low acceleration potential. The latter has two working modes: 

 The secondary electron detector in the lens works with low energy secondary electrons and 

provides images with a higher resolution. It is very sensitive to the characteristics of the surface 

of the sample, which makes it very suitable for characterizing the surface of any material. It works 

best at low acceleration potentials (<5 kV), therefore it is highly recommended both for working 

with samples sensitive to the electron beam and for minimizing the loading effect on non-

conductive samples. 

 The backscatter (EsB) electron detector on the lens allows us to obtain a pure backscatter signal 

at a very low acceleration potential. It provides great Z contrast and can select electrons according 

to their energy, allowing us to differentiate elements that can only be distinguished by a few 

atoms. It can also operate at very low voltage (in the same range as the secondary detector on 

the lens), making it ideal for sensitive samples. 

The advantage of combining electron and ion columns on the same platform is that it allows us to 

simultaneously obtain high-resolution SEM images and make modifications to the sample with the ion 

beam. 

Its most common applications are related to the study of cross sections, the preparation of ultrafine 

samples, the three-dimensional reconstruction of the volume of a sample and lithography of electrons 

and ions. 

Atomic Force microscopy (AFM) 

The atomic force microscope (AFM) is a mechanical-optical technique capable of detecting forces of the 

order of the piconewtons [504, 505]. It is made up of a flexible overhang, with a sharp tip/needle at the 

end that serves to scan the sample. It slides on the surface of the sample exerting a low and constant force 

of interaction. The scanning motion is accomplished with a piezoelectric scanner, and the needle-sample 

interaction is monitored by reflecting a laser at the rear of the overhang. A photodiode collector detects 

the reflected electromagnetic wave.[506, 507] The photodiode is divided into 4 segments and the 

different voltages between the different segments (generally the upper 2 segments compared to the 

lower 2 segments) accurately determine changes in tip slope or oscillation amplitude (Figure 74).[505, 

508]  
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Figure 74.  Atomic force microscope 

Next, different ways of working that this technique presents are specified[509]: 

 Contact AFM: used to measure topography. The needle is dragged on the surface of the sample. 

 Tapping AFM: The operation is similar to the previous one, but in this case, an oscillating needle 

sweeps the surface with intermittent movements. These can damage soft samples and reduce 

image resolution. It is used if you want to eliminate lateral drag forces or pressures. 

 Phase Image - Provides a contrast image caused by differences in sample surface adhesion and 

viscoelastic properties. 

 Scanning tunnel microscope. It is used to carry out a topographic analysis of conductive surfaces 

since it uses a tunnel current, which will depend on the separation between the needle and the 

surface of the sample. 

 Magnetic forces: measures the gradient of distribution of the magnetic force on the surface of 

the sample. It is done in elevation mode to follow the sample topography at a set distance. 

 Lateral forces: measures the friction forces between the needle and the surface of the sample in 

contact mode. 

 Electrochemical: measures changes in the surface and properties of conductive materials 

immersed in electrolytic solutions by establishing gradients or cycles of electric intensity-voltage. 

 

Laser diffraction (LD) technique 

Laser diffraction (LD) is used to measure the particle size distribution (PSD) of metal powders. A low energy 

laser beam passes through a suspension of particles producing a diffraction image because the laser light 
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is scattered at different angles, depending on the individual size of the particles.[510] Large particles 

scatter light at small angles relative to the laser beam, and small particles scatter light at large angles, as 

illustrated below (Figure 75). 

 

Figure 75. The different angles depending on the particle size. 

The angular dependence of the intensity distribution is recorded by means of a multi-element detector, 

and a data processor calculates the equivalent particle size distribution from the measured signal. Particle 

size is recorded as a sphere diameter equivalent to volume. In other words, the spherical particle size 

distribution is obtained after mathematically inverting the diffracted light pattern or the total dispersion, 

obtaining the diameter of the spherical particles and with this the surface area (Figure 76). 

  

Figure 76. Basis of the operation of the Laser Diffraction technique. 

In order to carry out the measurement, the particles must be dispersed either in liquid or in gaseous 

medium. The first technique is known as the wet method (LD-W) and a suspension is obtained. The second 

is called the dry method (LD-D) and it is worked with an aerosol. Depending on the type of powder 

material, one of the two techniques will be ideal. For metallic powders such as stainless steel, the LD-W 

method guarantees complete dispersion and reduces the risk of ignition. [511] Liquid dispersion of the 

powder is also necessary to ensure an accurate measurement since the particles must be measured 

individually. For this, they must be present as discrete and separate particles.  It is true that the equipment 
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consists of a circulation unit that moves the powder in such a way that when passing through the 

measurement area (laser beam) it creates a laminar flow representative of the total mass, but the 

dispersion prevents adhesive bonding in agglomerates and therefore the results will be optimal. The liquid 

commonly used for this type of material is alcohol isopropanol, but it is true that any transparent liquid, 

with a viscosity less than 2 Pa·s and inert with metal can be used. 

The main advantage of the LD method is that it is fast, and if proper dispersion is achieved, repeatable. 

Other advantages are: a small amount of sample is needed, the range of particle size that is detected by 

this technique is wide (between 0.1 and 2 μm), the waiting or preparation time between measurements 

is short and therefore they can be done measurements successively. The main disadvantage is that the 

mathematics behind the LD method assumes spherical particles. 

 

The procedure to be followed according to the ASTM B822-10 standard consists of the following steps. 

After performing the blank measurement, 25 measurements of the powder sample should be made. For 

this, good uniform dispersion of the particles in the liquid is first achieved by vigorous mechanical mixing 

and / or by ultrasound. The averages obtained in each measurement must be similar to the rest of the 

samples for the data to be consistent. Since the measurement principle is absolute, the units of 

measurement do not require calibration. 

The data can be analysed in two possible ways, depending on the size of the particles. One of the ways is 

by applying the Lorenz-Mie-Debye theory, which is an analytical solution to the Maxwell set of equations 

that describe electromagnetic phenomena.[512, 513]. This theory is applied to evaluate the size of the 

particles from the distribution of the scattered light angles, taking into account both scattering angles less 

than 90 ° (forward), and scattering angles greater than 90 ° (backward). In order to use the intensity 

distribution determined in this way to calculate the size of the particles, Mie's theory requires knowing 

the actual refractive index and the absorption index of the material sample. The lower limit of the particle 

size range to apply the Mie theory is 10 nm. If the particles are smaller, the scattering intensity stops 

depending on the direction, that is, the Rayleigh scattering occurs and therefore the dynamic light 

scattering will be used. [W52] 

Conversely, if the particles are larger than 7 μm, Fraunhofer's theory should be used, which simplifies the 

calculation of the distribution since it describes the section of the light deflection that occurs exclusively 

with diffraction and also does not require that the refractive indices of the particulate material are known. 

The downside is that this procedure is essentially accurate for spherical particles, but is only an 

approximation for non-spherical particles.[510] 
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The results can be displayed as a frequency distribution or as a cumulative frequency distribution such as 

it is shown in the Figure 34. 

 

X-Ray Computed Tomography (CT) 

X-ray computed tomography (CT) is a non-destructive characterization technique based on the acquisition 

of X-ray radiographs of hundreds of different angles of a sample and its subsequent analysis using 

computational algorithms. The data obtained after scanning are thousands of cross-section images that 

when stacked together form a three-dimensional image of the sample. Once the images are assembled, a 

grayscale filter is applied to make the particles white and the background black. Specialized software is 

used to count and study the particles. 

One way to prepare the sample for dust analysis is to embed the metal particles in epoxy cylinders about 

3 mm in diameter. 

The size distribution is also measured using this technique, as well as by laser diffraction, but the CT 

provides an independent estimate and uses different size parameters to measure the PSD. However, it 

uses fewer particles, so the PSD curves are generally not as smooth.[510, 514, 515] 

X-Ray photoelectron spectroscopy (XPS) 

High resolution XPS spectra allow the determination of the chemical species present in the samples by 

comparative spectrum adjustment with literature for binding energy (BE) and full width at half maximum 

(FWHM) for the various chemical species [516, 517], in this case pure metals and possible metallic oxides. 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytical tool that provides information on 

the chemical state and concentration of surface elements (<10nm). X-rays are sent to the sample and 

ejected electrons from sample are detected. The main signal comes from the surface (a few atomic layer 

at surface) due to the escape depth of electrons. [218, 518, 519]  

It is true that not all elements can be detected since, due to their atomic size, hydrogen and helium are 

not detectable. In fact, this technique has a detection limit of <0.1 atomic percent. Photoelectrons are 

emitted from the solid when exposed to a flow of X-ray photons of known energy, hv, where h is the Plank 

constant and v is the frequency of the photons. Photoelectrons come from discrete levels of electron 

energy associated with atoms in the analysis volume. The kinetic energy (KE) of the emitted 

photoelectrons, and therefore the entire photoelectron spectroscopy, is expressed by Einstein's 
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photoelectric law, KE = hv - BE, where BE is the energy of binding of the particular electron to the desired 

atom. Since hv is known, a measure of KE determines BE.  

The XPS technique allows an exact and unequivocal elemental identification. The spectrum obtained is 

unique for each compound because the emission of the electrons occurs from the different layers, in other 

words, the energy separation and the relative intensities of the spectrum peaks for a given element are 

well known. Furthermore, ionization for the p, d or f layer levels leads to doublet structures in the 

spectrum as a result of spin-orbit interactions. Therefore, elements with higher atomic numbers have 

peaks that reflect the energy separations of the rotating orbit. Many of these transitions are characteristic 

of the element in a particular oxidation state. All these data obtained are of great interest to analyse the 

surface of the particles. Know if they are oxidized or if they have undergone any chemical change after 

being used in the AM process.[518] 

One of the drawbacks of such a technique is that certain materials are sensitive to surface photoreduction 

and the effects of ion beam damage.[518] 

The analysis is performed over a small area, - within a range of 70-100 μm2, and should be analysed in an 

ultra-high vacuum environment. In the case of metallic powders, it will not be necessary to neutralize the 

coaxial load. The powder samples were mounted on the multiple sample bar using carbon tape, it can be 

the one used in the SEM. 

 

X-Ray Diffraction (XRD/XRPD) 

Powder x-ray diffraction (XRD/XRPD) uses x-rays to investigate and quantify the crystalline nature of 

materials by measuring the diffraction of x-rays from the planes of atoms within the material (Figure 77). 

It is sensitive to both the type of and relative position of atoms in the material as well as the length scale 

over which the crystalline order persists. It can be used to measure the crystalline content of materials; 

identify the crystalline phases present; determine the spacing between lattice planes and the length scales 

over which they persist; determination of network parameters; high temperature structural studies; 

characterization of thin films and analysis of their crystal structure; and to study preferential ordering and 

epitaxial growth of crystallites. That is why it can be said that it is a qualitative and semi-quantitative 

technique of the crystalline forms of the materials. 
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Figure 77. Electron band of XRD [W49] 

The samples for analysis are typically in the form of finely divided powders, but diffraction can also be 

obtained from surfaces, provided they are relatively flat and not too rough. Powder XRD can also be 

applied to study the pseudo crystalline structure of mesoporous materials and colloidal crystals if the 

length scales are in the correct regime. Moreover, the materials can be of a vast array of types 

In order to process the data obtained and to be able to carry out the phase identification, the diffraction 

database of the International Center for Data Diffraction is generally used, which catalogues the X-ray 

diffraction patterns of thousands of crystals. [W53] 

Rietveld analysis of the diffraction data can provide quantitative estimates of the different crystal phases 

in terms of volumetric fraction. In the case of steel alloys, the Rietveld analysis is difficult to perform and 

provides semiquantitative data. [520-522] ASTM E975 standard describes a process for determining steel 

austenite using XRD as accurately as possible. In the case of typical Fe-Cr-Ni stainless steels, the XRD 

technique can be used to estimate the thickness of the protective layer, since it is easy to differentiate 

between crystalline forms. 

 

A possible assembly can be the one described by Slotwinski, J.A. et al. They used a cavity approximately 

12 mm × 20 mm and 800 µm deep and filled it with dust grains and the surface was leveled with the 

surface of the sample holder. The ideal is to have a fine powder, less than 5 μm in size, since a coarse 

particle size together with a spherical geometry results in a porous surface with a rough texture. If an 

attempt is made to mechanize the sample, applying pressure and heat, to obtain an ideal sample (without 

porosity and smooth surface) the materials to be studied will be modified, and this is not desirable. That 

is why the powders will be studied without any processing.[218] 

The dust samples were uniformly dispersed on a ground object holder or adhered with silicone grease 

according to the goniometer used, if it is of vertical or horizontal displacement, respectively. The important 

thing is that a sufficiently high number is analysed and that the constituent grains of the alloy contains 
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crystals with all possible orientations to provide a significant statistic for the diffracted intensities.[523-

525] The radiation used for most Fe base alloys was that of Mo with λM0 = 0.7093 A corresponding to the 

line Ka1 = 17.470 Kev. [526]. According to the study carried out by XX, this choice may be disadvantageous 

due to the poor detail of the x-ray spectrum, the angular width of which extends to 2O = 65º, with other 

radiation, such as Cu, covering a greater angle. 

The aforementioned is based on the reduction of the intensity of the diffracted radiation due to the 

intense absorption of the primary radiation λCu by the elements of the sample. The decrease in the 

intensity of the diffraction peaks Io to a value I is defined by the equation Eq. 32, where x is the thickness 

of the material, ρ is the density of this material and μ/ρ is the mass absorption coefficient. 

𝑰

𝑰𝟎
= 𝒆

𝝁

𝝆
𝒙
 

Eq. 32 

The Table 17 shows a study carried out by JI Goldstein et al. on the effect of the absorption of primary 

radiation from Cu X-rays by atoms of other elements, compared to that of Mo.[526] 

Table 17. Effect of absorption of the primary radiation of Cu compared to that of Mo in various elements, 

absorbed by the effect of blooming. (Z atomic number, A atomic weight) [526] 

Absorbent element 
Transmitter 

Cu (Ekα1=8048 eV) Mo (Ekα1=17479 eV) 

 Z A 
ρ 

[g/cm3] 
μ/ρ 

[cm2/g] 
I/I0  

[% 1μm] 
I/I0 

[% 10μm] 
μ/ρ 

[cm2/g] 
I/I0 

[% 1μm] 
I/I0  

[% 10μm] 

C 6 12.01 2.25 4.4 99.0 90.6 0.4 99.9 99.1 
Al 13 26.98 2.70 49.4 87.5 26.3 5.0 98.7 87.4 
Si 14 28.09 2.70 63.7 84.2 17.9 6.5 98.3 83.9 
Cr 24 52.00 7.10 250.4 16.9 0.0 29.6 81.0 12.3 
Fe 25 54.94 7.40 272.4 13.3 0.0 32.7 78.5 8.9 
Co 26 55.85 7.87 306.0 9.0 0.0 37.3 74.6 5.3 
Ni 27 58.93 8.90 329.4 5.3 0.0 40.7 69.6 2.7 
Cr 28 58.71 8.90 49.0 64.7 1.3 46.8 65.9 1.6 
Cu 29 63.55 8.96 52.4 62.5 0.9 49.2 64.4 1.2 
W 74 183.9 19.3 172.5 3.6 0 97.8 15.1 0 
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