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Abstract  

Industry 4.0 is revolutionizing the global manufacturing system. Among the main 

enabling technologies of this huge phenomenon, Additive Manufacturing represents one 

of the most promising and exploited, since AM makes processes more flexible, maximize 

customization, reduce the time to market of new products and minimize production costs 

for small batches. Particular attention is paid to AM technologies capable of processing 

metal materials owing to the significant interest of manufacturing market for this kind of 

materials. However, several gaps to be filled still remain due to the technologies novelty, 

including production costs that are still too high, especially for the production of large 

batches. In this context, additive technologies are less competitive than traditional 

processes, both because of the high cost of machinery and raw materials. Other factors 

include the slowness of the printing process and the high energy consumption. 

In the last decade, a new Additive Manufacturing technique arose to overcome the 

aforementioned drawback intrinsic of the well spread metal AM technologies, especially 

with regards to the high purchasing cost and energy expenditure, as well as the increased 

safety during the process.  

This newly technique, called metal Material Extrusion (ME), basically concerns the 

advantageous combination of the diffused Material Extrusion equipment, traditionally 

employed for thermoplastic materials, and metallic fine powders to realise metal finished 

components. This fabrication is achieved through a raw feedstock made up of metal 

particles evenly distributed in a polymeric matrix. This innovative multicomponent 

feedstock is processed by means of a multistage process, which includes the shaping, 

debinding and sintering phases. 

Despite the promising outlook, metal Material Extrusion is still in its infancy and, thus, 

scarcely employed in the manufacturing sectors.  

The main objective of this thesis concerns the in-depth study of metal Material Extrusion 

process with the final aim of expanding its knowledge and the possibilities of its 

application, to make it more usable in the industrial field.  

This research focused on two stainless steels of great interest for different manufacturing 

applications and therefore widely used: AISI 316L and AISI 630. The main physical and 

mechanical properties of the components resulting from the multistep process were 
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analysed and compared to those of the relative conventional monolithic material to give 

a reference of the potential and countersinks of the technology.  

The environmental issue developed in recent years also required an assessment of the 

sustainability of this technology, especially with regard to the recycling and reuse of 

production waste. In this perspective, a circular AM method was developed for the reuse 

of the defected parts collected from the shaping stage of the process to enhance the 

economic and sustainable competitiveness of metal Material Extrusion technology. The 

recycling process was developed in a joint work between the University of Bergamo and 

Laboratorio Nanomateriali e Dispositivi (SSPT-PROMAS-NANO) of ENEA Portici 

Research Center.  
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1 Introduction to Additive Manufacturing 

1.1 General aspects of Additive Manufacturing  

Additive Manufacturing (AM) is the formalized term for a series of production 

technologies conceived and developed since the 1980s, which involve the creation of 

objects by depositing layers of material one after the other. This concept derives from an 

evolution of the classic two-dimensional printing since parts are created by overlapping 

the individual sections of a predetermined thickness in a vertical direction.  The American 

Society for Testing and Materials (ASTM) defines Additive Manufacturing technology 

as “the process of joining materials to make parts from 3D model data, usually layer upon 

layer, as opposed to subtractive manufacturing and formative manufacturing 

methodologies” [1].  

In early days, Additive Manufacturing was exploited only for the production of 

prototypes due to high production costs that discouraged its massive usage in industrial 

contests [2].  

 

Figure 1.1: Timeline of AM technology [2]. 

The introduction of Additive Manufacturing dated back to the first patent of an AM 

machine in 1984. Chuck Hull developed and subsequently patented the first machine for 

Stereolithography (SLA), a technology capable of making three-dimensional objects 

starting from a tank containing a liquid photopolymer. In the following years, a consistent 

push towards the study and the development of other AM technologies led to a proper 

revolution in the manufacturing industrial world. In this context, existing and robust 

manufacturing industries grasped the potential of layer-by-layer paradigm, helping the 

spread of these new technologies. They were still based on the same concept of 
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Stereolithography but used different energy sources and raw materials broadening the 

range of products to be processed. In 1988, Scott Crump patented Fused Deposition 

Modelling (FDM) technique and founded Stratasys, a leader company in the sector. This 

process allows the creation of components through a layer-by-layer deposition of a 

thermoplastic filament, which is adequately heated and softened and extruded through a 

nozzle (hence the term Material Extrusion). This technology, initially conceived for 

prototyping, has now become the most widespread due to the low-cost equipment and the 

ease of use. Afterwards, Carl Deckard developed Selective Laser Sintering technique, 

which consists in a selective sintering of a bed of layer-by-layer polymer powder by laser 

beam. The introduction of this new kind of technology paved the way for Direct Metal 

Laser Sintering and Selective Laser Melting (SLM) in the years ahead. These precise and 

accurate techniques could work and manufacturing metal objects, obtaining parts with 

characteristics comparable to those obtainable through traditional processes. The 

possibility of manufacturing metal products and their increasing performances 

contributed to the wide and rapid growth of AM for direct production of high-

performance components used in a wide range of applications. Aerospace industries need 

to realize extremely complex and customized aircraft components [3]; likewise, 

automotive, especially racing sector, is favoured by the use of customized and lighter 

parts, obviously with the aim of increasing the performance of the vehicles. In the medical 

sector, orthodontics, prosthetics, orthotics, implants, and replacement organs applications 

manufactured by AM technologies gained a certain level of relevance and use [4]. Also, 

the electronics fields [5] embraced AM technologies, especially for the production of the 

radio-frequency microwave and millimeter-wave devices. Besides, starting from the 

2000s, printers for home use and open source systems began to spread, thus favouring 

continuous innovation combined with the expiration of existing patent on AM 

technologies developed. The Additive Manufacturing market continues to grow more and 

more, technologies improve, new materials can be processed and new competitors appear 

on the market allowing the expansion of application fields (Figure 1.2), making this 

technology cheaper, economically sustainable for industries and one of the enabling 

technologies of Industry 4.0.  
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Figure 1.2 : Applications of Additive Manufacturing to the various sectors over the 

years [6]. 

To date, the amount of capital invested in AM confirms the increasing interest of 

industries in this revolutionary technology. Even though the staggering impact of 

COVID-19, it was estimated that the AM market grew from USD 12.57 billion in 2020 

to USD 15.26 billion in 2021, with a projected growth up to USD 68.71 billion in 2028 

at a CAGR of 24% in the 2021-2028 period [7]. This promising expansion and 

investments in this newly set of technologies are justified by the possibility to overcome 

some limitations that are typical of conventional manufacturing, thus leading to huge 

changes in industrial processes. Indeed, in a context characterized by rapid and 

continuous transformation, the concepts of personalization, differentiation and flexibility 

are the basis of the success of many companies, as well as essential strategic objectives 

revolutionizing product development and manufacturing.  

Additive Manufacturing brought greater design freedom compared to subtractive and 

casting technologies, since traditional construction constraints (e.g., internal cavities and 

channels, undercuts, overhangs) are easily bypassed building layer upon layer. 

Furthermore, “freedom to complexity” concept is the direct cause of the constant 
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production costs for an AM technology. Indeed, a printed part is shape and complexity 

independent, since the production costs remain constant as the complexity of the 

geometry of the pieces varies; instead, production times and costs depend solely on the 

size of the piece to be made and possibly the desired qualitative characteristics. Diversely, 

the complexity of the objects involves costs that increase exponentially for traditional 

technologies, as reported in the Figure 1.3.  

 

 Figure 1.3: comparison between the cost of complexity for additive and traditional 

technologies [8]. 

Due to the fast production cycle and the simplicity of parts modification, it is possible to 

provide high levels of products customization with relatively low costs. The production 

process becomes very flexible and is not subject to constraints such as moulds or 

assembly line constraints, since it is sufficient to modify the 3D CAD file of the object 

and start a new printing process. Correlated to the products customization, complex parts 

can be produced layer by layer in a matter of hours with additional technologies. The 

overall cycle duration, including post-production, is typically a few days and it is shorter 

than conventional processes, which often require production cycles of up to several 

months. The design and construction phases for moulds, tools, etc. do not occur during 

the production cycle. The only consumable element in any AM technology is the nozzle 

head only for Material Extrusion and DED (not for all AM technologies), unlike 

conventional technologies that require moulds, tools, fixtures for clamping, equipment 

for the orientation of the pieces, etc. It is also worth noting that the ability to directly print 
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the desired geometry helps to create complex parts in a single step, thus reducing the 

number of assembly operations such as welding, brazing. Besides, the production costs 

of prototypes and small batches are much lower than traditional processes. 

Other relevant advantage concerns the reduction of scraps material during the production 

phase compared to traditional production processes. Waste and scraps mainly derive from 

the support structures that must be eliminated and possibly from subsequent processing 

to the printing phase. The savings in terms of raw materials can be a consumption up to 

25 times lower than traditional processes, a very important factor when it comes to 

expensive or difficult to machine alloys [9]. In addition to the reduction of waste material, 

a further positive environmental impact regards the ability of producing lighter 

components. Additive Manufacturing allows the use of dissimilar internal structures. 

Besides, the infill degree inside the external structure of a component can be reduced, 

differently from products fabricated by means of conventional technologies. Different 

internal structure, such as honeycomb or reticular design, provide the filling with material 

only where is necessary without useless structural parts, lightening considerably the 

component. The aerospace industry benefits from the ability to empty the infill of a 

component as a function of the structural constraints. A reduction in weight of a single 

component within an aircraft might lower the fuel consumption, leading to an 

environmental benefit and an economic saving. 

The advantages are therefore many and for this reason additive technologies are 

revolutionizing a large part of the market. Furthermore, the benefits deriving from the use 

of additive technologies are reflected in the entire life cycle of the product, from the 

design phase to the market launch. The impact of additive technologies creates value 

throughout the entire value chain, starting from the design and production phase up to the 

distribution phase: the design and engineering phase is simplified and allows greater 

design freedom, the production phase is much more flexible and efficient on account of 

less production waste. Lastly, the part linked to service and logistics is also improved, 

since thanks to additive technologies the constraints linked to the supply chain are broken, 

such as the dependence on local suppliers or the need to produce only locally. Related to 

the supply chain, the adoption of additive productions implies some organisational 

changes [10]. The design and subsequent production phases require the transmission of 

3D CAD part data through data networks reducing the physical movement of intermediate 
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inputs or final products. AM technologies could introduce the dematerialisation of the 

supply producing significant economic savings as it eliminates the need to physically 

move intermediate products [11].  AM adoption could lead to a radical change from Just-

in-Time delivery strategy to a novel strategy of Just-in-Time manufacture, since 

warehousing and stock holding costs might be minimized, as well as the amount of capital 

tied up in work in progress. Besides, the enhancement of manufacturing flexibility 

reduces the set up times and the overall part count, changing the composition of the total 

inputs owing to a minimised usage of labour inputs [11].  

Despite the undeniable advantages of the deployment of AM technologies, the complete 

diffusion of additive techniques in the market and the partial substitution of the traditional 

subtractive technologies are still hindered by some organizational and economic limits. 

As mentioned in the list of advantages, AM is competitive for the production of small 

batches, but when it comes to large numbers the costs become higher than traditional 

technologies due several factors, such as low production speeds of a single piece and, 

often, the inability to realize multiple objects per cycle. This causes a loss in 

competitiveness compared to traditional technologies which, on the other hand, can 

divide the production costs over numerous batches, producing more pieces at a time in an 

efficient manner and exploiting economies of scale. Further elements that cause the rise 

of production costs are the prices of raw materials, the energy consumption and any post-

production costs regarding surface finishes or special treatments. Besides, there are still 

significant skills shortages in AM product design. In fact, a lack of know how for specific 

AM design disallows to capture the full potential of the technology, inhibiting a complete 

rethinking of the way in which the products are designed.  Even from a technical point of 

view, different challenges and drawbacks require further research and technological 

developments. One of the main limitations of AM printed parts is void formation among 

adjacent layers with the consequent reduction of interfacial bonding between printed 

layers [12]. Another drawback consists of anisotropic behaviour of printed samples, 

which is intrinsic in the layer-by-layer matrix. Therefore, the microstructure of the 

material within the layers is different compared to that along their growth direction. The 

inherent porosity and the anisotropic behaviour of products manufactured by additive 

technologies affect the mechanical properties of the products themselves, leading to a 

general worsening compared to those of the components realized by traditional 
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manufacturing techniques [13]. Then, almost each product printed by means of an AM 

technology needs to undergo post-processing surface treatments to improve the surface 

finish and minimize the surface roughness. Indeed, printed parts are characterized by 

layer-by-layer appearance. Some applications require flat surfaces for practical aspects, 

e.g., aerospace and medical, and for aesthetic reasons, such as toys or jewels. Besides, the 

surface roughness is one of the defects and inaccuracies that creates a divergence from 

the design phase through Computer-aided design tool to the execution of the part [14].  

1.2 Additive Manufacturing Process Chain  

Over the years, plenty of additive manufacturing technique with different working 

principles and process parameters have been developed. However, all AM processes 

require the same workflow to be followed to produce physical objects. The generic 3D 

printing process, that move from the virtual CAD description to the physical resultant 

part, can then be broken down into several steps, as depicted in Figure 1.4. 

 

Figure 1.4: Steps of the generic 3D printing process. 

The first step consists in the digital product description of the physical object and the 

obtainment of a 3D model that has to be produced. Such model can be designed by means 

of 3D CAD software or derived from an existing object with reverse engineering 

instruments. This model defines both geometries and parameters of the part. 

A conversion from CAD format to STL format is then needed. The STL file was created 

in 1987 by 3D Systems Inc. when they first developed the stereolithography technique. 

The term STL file stands for Standard Triangulation Language and represent an 

unordered collection of triangle vertices and surface normal vectors, without any 

construction data, units, colours, materials information. A STL file creation process 

mainly consists in the conversion of CAD files continuous geometry into a header, small 

triangles, or coordinates triplet list of x, y, and z coordinates and the normal vector to the 
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triangles. The triangle size is determined by the shortest distance between the plane 

represented by the triangle and the surface it is supposed to represent. In such a way, the 

external surfaces of the model are approximated by a mesh of triangular elements with 

associated surface normal vectors.  The slicing process also introduces inaccuracy since 

it replaces continuous contour of the CAD model with discrete stair steps forming the 

STL file. A more precise representation is obtained by using different sized triangles, 

based on the complexity of the surfaces, so that the chordal error ratio can be kept 

constant. However, it must be considered that the STL file will never provide an exact 

copy of the CAD model due to the necessary approximation of curved surfaces 

introducing a faceting error. 

Once the STL file has been created and eventually manipulated, the next step requires the 

preparation for printing with its load into a slicing software. Slicing consists in the 

sectioning of the virtual model into the series of parallel layers, perpendicular to the 

building direction of layers, with which the physical object will be realized. Each slicing 

software is equipped with a visualization tool that allows to position the part within the 

working area and to change an unproper orientation of the model. Besides, scaling may 

be a necessary step, since the AM part requires to be slightly larger or smaller than the 

3D model to account for shrinkages issues or coating processes. The generation of 

adhesion structures and supports for over-hanging parts represent a fundamental action 

for the success of the following print process. Lastly, the definition of several printing 

process parameters must be taken into account. This phase affects both print quality and 

manufacturing times. All the dissimilar information defined by the slicing software are 

collected into a GCODE file. Such file is then transferred to the AM machine to 

automatically manage the production of the component. In this phase, the process 

switches to the computer-controlled building phase. 

In the end, printed parts are optionally subjected to a significant amount of post-

processing for application purposes. In all cases, the part must be either separated from a 

build platform on which the part was produced or removed from excess support or 

surrounding material. Post-processing may involve abrasive finishing, like polishing and 

sandpapering, application of coatings, or chemical or thermal treatment of the part to 

achieve final part properties. 
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1.3 Design for Additive Manufacturing (DFAM) 

Additive Manufacturing shares a basic principle with CNC machining technology since 

both processes rely on computer-based technology for the manufacturing of products. 

However, the primary distinction between additive and subtractive processes divided AM 

and CNC machining. In addition to this, design and prototyping phases play a relevant 

role in the fabrication of AM parts and it is based on completely different paradigms 

compared to CAD design for CNC machining processes. Design for manufacture (DFM) 

has typically comprised the tailoring of CAD designs to eliminate manufacturing 

difficulties and minimize manufacturing, assembly, and logistics costs. Considering these 

issues, the capabilities of additive manufacturing technologies provide an opportunity to 

review DFM to profit from the unique capabilities of these technologies. The core 

development of DFAM reflects the unique capabilities, which embrace the huge 

complexity managed and exploited by Additive Manufacturing technologies [15]. In AM, 

the capability to fabricate a layer is unrelated to the layer’s shape, leading to virtually 

unlimited shape complexity. Besides, the absence of production constraints, that typify 

machining or casting processes, enables custom-designed geometries: two subsequent 

produced parts might have completely different shapes. Hierarchical complexity stands 

for the designs of features with shape complexity across multiple size scales, including 

microstructures, mesostructures, and part-scale macrostructures. The ability to 

simultaneously control micro and macro structures of a part by changing process 

parameters and CAD data completely differs AM from conventional manufacturing. 

Functional complexity ensures the direct manufacturing of fully functional assemblies 

and mechanisms using AM processes. Lastly, the processing of different materials point 

to point causes different material properties in different regions of a part. Besides, the 

management of material complexity enables changing material composition gradually or 

abruptly during the build process. This inherent capabilities of DFAM envision new 

opportunities for customization, significant improvements in product performances and 

lowering of overall manufacturing costs [16]. 

Despite the undeniable of DFAM compared to traditional DFM, a series of build-related 

factors should be considered during the design of a part made additively, including:  
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● part orientation, since an unproper orientation of a part can lead to a less accurate 

reproduction of the original CAD data with poorer qualitative appearance due to 

stair-step pattering. A suitable orientation might be instead in contrast with other 

factors, such as the build time, the generation of additional supports.  

● removal of supports, which is a manual and time consuming action that should be 

minimized. The contact surface between the part and the support structure 

presents visible marks, generating the need for clean-up and post processing 

finishing. In some cases, structures for the support of overhang features are 

necessary to avoid distortions and detachment from the build plate. Anyway, an 

easy-to-remove location should be preferred in order to mitigate the possibility to 

damage the final product and to reduce the time for the operation.  

● interlocking features, which consists in the breakup of the entire design into 

segments that allows to fit the machine and manually assembly together, since 

AM machines have a finite and small build volume.  

1.4 Additive Manufacturing Technologies 

According to ASTM [1], the range of AM technologies can be divided into 7 different 

families: Vat Photo-polymerization (VAT), Material Extrusion (ME),  Powder Bed 

Fusion (PBF), Binder Jetting (BJ), Material Jetting (MJ), Sheet Lamination (SL), 

Directed Energy Deposition (DED). Each of these categories comprises dissimilar 

distinct processes, but all of them share the principle used for the selective modelling of 

the layers. Indeed, all commercialized AM machines use a layer-based approach, and they 

differ in the materials that can be used, in the shape of the starting material, how the layers 

are created, and how the layers are bonded to each other. Such differences will determine 

factors like the accuracy of the final part, as well as material properties and mechanical 

properties. They will also determine factors like how quickly the part can be made, how 

much post-processing is required, the size of the AM machine used, and the overall cost 

of the machine and process. 

The seven families and their working principles, along with examples and materials, are 

outlined in Table 1.1. 
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Table 1.1: AM process families, example processes and processable materials. 

Process 

family 
Working principle Example processes Materials 

VAT Photo-

polymerization 

Light-activated 

polymerization 

selectively cures a 

liquid photopolymer in 

a vat  

Stereolithography (SLA) 

Digital Light Processing 

(DLP) 

UV-

curable 

photopoly

mer resins 

Material 

Extrusion 

Material is deposited 

by a heated nozzle  

Fused Deposition Modelling 

(FDM) 

Polymers 

Metals 

Ceramics 

Powder Bed 

Fusion 

Powders are 

selectively fused (or 

melted) by a thermal 

energy source 

Selective Laser Melting 

(SLM) 

Selective Laser Sintering 

(SLS) 

Electron Beam Melting 

(EBM)  

Metals 

Polymers 

Ceramics 

Binder Jetting 

Powder materials are 

joined by a liquid 

binding agent that is 

selectively deposited 

ExOne 

Voxeljet 

Polymers 

Metals 

Sands 

Material 

Jetting 

Droplets of material 

are selectively 

deposited and then 

cured by an UV-light 

source 

Polyjet 

Multi-Jet Modelling (MJM) 

Polymers 

Waxes 

Sheet 

Lamination 

Sheets of material are 

cut and bonded one 

upon the other 

Laminated Object 

Manufacture (LOM) 

Ultrasonic Additive 

Manufacturing (UAM) 

Metals 

Directed 

Energy 

Deposition 

Materials are fused by 

focused thermal 

energy as they are 

deposited 

Laser Metal Deposition 

(LMD) 

Laser Engineered Net 

Shaping (LENS) 

Direct Metal Deposition 

(DMD) 

Metals 

Vat Photo Polymerization  

The Vat Photopolymerization process is the best-known Additive Manufacturing 

technique. It involves the use of a photo-sensitive materials, which are exposed to 

radiation or light in a controlled manner to photopolymerize the material. The main 



 

12 

 

elements of a photopolymer are monomers, oligomers and photo initiators (Figure 1.5). 

During the explosion to the selected source, the polymerization reaction occurs forming 

chain of polymers, which will result in a solid resin. The reactions provides that the photo 

initiators convert into radicals which act as catalysts for the formation of the chain 

between monomers and oligomers. The chains formation involves thermal and chemical 

processes that make this formation irreversible, since prototypes cannot be transformed 

into the starting liquid form [17].  

 

Figure 1.5: Schematic of polymerization reaction [17]. 

The additive process exploits the polymerization phase to complete the entire object layer 

by layer. As reported in Figure 1.6, the liquid photo resin is contained in a vat. The lower 

side of the vat is the building platform, which is lowered from the top of the resin vat 

downwards by the selected height of a single layer.  A light or radiation cures the photo 

sensible resin and once the curing process is completed, the platform is lowered or raised, 

depending on whether the machine uses a top-down or bottom-up process, and additional 

layers are built on top of the previous ones. The aid of a blade enhances the smoothing of 

the resin base to build the following layers. Any possible support structure should be 

made from the same material of the part. During post processing, the part is cleaned in a 

chemical solution removing wet resin. Any supports are mechanically detached from the 

shaped object. Lastly, the part is placed into a UV oven to complete the curing. This last 

step should improve the mechanical characteristics of the products [18].  
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Figure 1.6: Schematic of VAT system [19]. 

According to the variation in curing source, the Vat Photopolymerization processes can 

be classified as:  

● Stereolithography (SLA) was the first-ever introduced AM process. A laser beam 

is in charge of the curing process. Galvano-scanners control the laser beam 

trajectory, improving the part accuracy without an excessive decrease of the 

printing speed. The printing speed is highly correlated to curing depth and light 

penetration as a function of the type of resin being used.   

● Digital Light Deposition (DLP) differs from SLA processes solely in the curing 

method, since a digital light projector is employed, instead of a mirror that reflects 

a laser source. The use of a projector implies that the DLP process is faster due to 

the total exposure of the single layer to the curing light.  As a drawback, the part 

might result pixelized if the projector resolution is low.  

Two of the main advantages of vat photopolymerization technology are part accuracy and 

surface finish. The accuracy varies from 0.025 mm to 0.05 mm per 25.4 mm of part 

dimension. The surface finish ranges from submicron Ra for up facing surfaces to over 

100 μm Ra for tilted surfaces [17]. However, photo resins do not have the impact strength 

and durability required for production applications. Additionally, these materials are 

subjected to aging, resulting in the degradation of the already scarce mechanical 

properties over time.  
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Material Extrusion 

Material Extrusion (ME) is the simplest method to produce a part additively. It was 

invented and patented in 1989 by Scott Crump, after the foundation of the company 

Stratasys. The basic principle involves the extrusion of highly viscous materials through 

a nozzle and its deposition layer by layer upon a building platform. Firstly, the material, 

generally provided in the form of filaments, is loaded in the printing machine with a 

continuous action. The material loading is essential to provide an input pressure for the 

softened material in correspondence with the heated nozzle. After the loading, the 

material is molten until a semisolid state to avoid the complete liquefaction. Too high 

temperature could lead to an excessive degradation of the polymeric material used. The 

extrusion phase is performed through a nozzle, which is heated by means of electrical 

resistances, of reduced diameter compared to the dimension of the filament. The diameter 

of a filament ranges within 1.75 to 3 mm, while the range of ME nozzle varies among 0.3 

and 0.8 mm [20]. The dimension of the nozzle influences the width of the deposited 

material and the speed of the extrusion process. The next step is the deposition of the 

extruded material layer by layer onto the build plate. The gap between the nozzle and the 

print bed corresponds to the thickness of the deposited layers. Once the extrusion and 

deposition processes occur, the layers solidify. The gravity action and the surface tension 

could modify the final shape of the object. Besides, the solidification of a layer should 

take place after the deposition of the following layer so that the residual heat energy 

activates their surfaces, causing the interface bonding. ME systems are usually equipped 

with at least two extruders. One extruder oversees the shaping of the part with the use of 

building materials. The second extruder deploys a suitable material to support the shaped 

object (Figure 1.7). The support should be chemically or mechanically removed.  
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 Figure 1.7: Schematic of ME system [20]. 

The ME technology requires very low cost equipment, especially for entry-level 

machines. Besides, the cost of the raw feedstock is rather low, as it works mainly with 

polymeric materials. The low cost of the feedstock results, however, in a negative aspect, 

set by the poor mechanical properties that can guarantee. Another downside of ME 

concerns the low surface finish of the build parts, which is extremely dependent on the 

material nozzle thickness.  

Powder Bed Fusion 

Powder Bed Fusion processes are the most wide used for the fabrication of metal 

components. They can be summarized in two steps. Firstly, powder material is spread in 

a thin layer over a bed build platform; then, an energy beam heat source selectively melts 

or fuses the particles. Fresh material is supplied by a hopper and spread by either a 

recoating blade or a powder levelling system. The process, depicted in Figure 1.8, takes 

place in a vacuum or inside a fully inert chamber and the steps are repeated until the part 

is finished. 
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Figure 1.8: Schematic of a PBF system [21]. 

Generally, any weldable metal is a good candidate for PBF processing, including several 

types of steels, titanium alloys, nickel alloys, some aluminium alloys and cobalt-chrome 

alloys. PBF technologies for metal processing are:  

● Laser Powder Bed Fusion (LPBF) employs laser beams to completely melt single-

component metals and create ultra-thin layers; thus providing homogenous melt 

pools improves surface quality and low porosity [22].  

● Direct Metal Laser Sintering (DMLS) is the most employed metal PBF technique. 

DMLS is the commercial name with which the 3D company EOS defined its 

patented process. Lower laser intensity is required since metallic powders are not 

fully melted, but final parts are characterized by higher porosity and lower surface 

quality compared to Direct Metal Laser Melting (DMLM). Nowadays, the 

sintering process is performed with Yd source laser, capable to fully melt the 

metallic material. Since sintering allows to process materials whose components 

melt at different temperatures, DMLS is used only to process alloys [23]. 

● Electron Beam Melting (EBM) uses a high-energy electron beam to attain powder 

melting. The beam is produced by an electron gun that extracts electrons from a 

tungsten filament under vacuum [24]. Compared to the previous laser-based 

processes, EBM is faster, less energy-consuming and produces lower residual 

stresses, thus resulting in lower distortion of manufactured parts. However, the 

low diffusion in the manufacturing sectors is linked to the higher cost of the 

energy source.  
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Powder-based techniques occupy the largest share of the market since they are well 

developed and have been applied by both industries and academic institutions for many 

years. Despite its great diffusion, several issues related to heat absorption, high thermal 

gradients, local melting and solidification of particles, phase change and Marangoni 

convection [25] still need to be furtherly investigated. Another issue is represented by 

powder reusability, since only a small portion of the powdered material loaded into the 

building chamber goes into the manufactured part, thus affecting the affordability of the 

manufacturing process. Besides, process optimization is needed to avoid critical defects 

that may affect manufactured parts. Internal porosity deeply influences fatigue 

performances while promoting crack growth and propagation [26]. Instead balling, which 

occurs when the melt pool solidifies into droplets instead of layers, leads to irregular layer 

deposition, poor interlayer connection after fusion, low and irregular density and quality 

of parts [27]. Such metal AM processes operate in inert gas environments and demand 

high energy consumption to melt metallic powders, thus requiring high investment and 

maintenance costs in terms of both machinery and energy. Moreover, the exposure to 

small powder particles represents a serious hazard for the health of operators. Particular 

attention must be paid to nanosized particles that can easily enter the human body if 

inhaled or absorbed by skin follicles. In facts, it has been demonstrated how non-harmful 

compounds turn out to be toxic in the nanometric scale [28]. 

Binder Jetting 

Binder Jetting (BJ) is the most promising additive technique in the current manufacturing 

scenario, due to the great combination among part accuracy, mechanical response and the 

overall costs of process and equipment. BJ is a technology similar to PBF. The key 

difference is represented by the use of a liquid binder agent to selectively join the metal 

powder rather than melting or fusing it by means of an energy beam. Therefore, these 

systems have no demand for an enclosed environment of vacuum or inert gas. The 

process, outlined in Figure 1.9, is suitable to produce green parts in a variety of materials 

including metals, ceramics, sands and polymers. 
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Figure 1.9: Schematic of a BJ system [16]. 

Once printing is complete, pieces must be freed from unsolidified powder and then cured 

in an oven to increase their resistance and revive colours. Metal parts also need post-

processing treatments like sintering or infiltration with a low-melting-temperature metal, 

such as bronze. The list of metals that can be processed by BJ include stainless steels,  

nickel-based alloys, cobalt alloys, titanium alloys and pure copper. 

As a matter of facts, this technique is well suited for the processing of optically reflective 

and thermally conductive metals, which can be challenging for PBF systems due to the 

use of energy beams. [28]. Furthermore, BJ can print more accurate objects without the 

need of support structures. 

Material Jetting 

Often compared to 2D ink jetting processes, Material Jetting (MJ) has been originally 

developed to print photopolymers and wax-like materials. The process comprises the use 

of a printhead to jet photopolymer material in the form of droplets from hundreds of tiny 

nozzles and build parts in a rapid, line-wise way. The material is directly cured and 

solidified by UV light as soon as droplets are deposited onto the build platform. Supports 

are often printed simultaneously and are made up of a dissolvable material. To enhance 

the deposition phase, the materials are heated to change the state from solid to liquid, 

reducing the viscosity that otherwise would not allow the outflow of the jet. A schematic 

of the process is shown in Figure 1.10. 
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Figure 1.10: Schematic of a MJ system [16].  

Due to a potentially high printing speed at low equipment and raw material cost, this 

technology has recently been expanded to the field of metal and ceramic processing. High 

accuracy can be achieved with this technique since material-jetting machines can produce 

parts with resolution on the order of 10 μm.  

Nano Particle Jetting (NPJ), patented by XJet, uses a liquid formulation infused with 

metal or ceramic nanoparticles [29]. After jetting thin layers of droplets, a heating energy 

source inside the build envelope cause the liquid to evaporate leaving behind parts made 

from the building material. The resulting part still needs to be sintered in a furnace to 

achieve final part density. The ultra-thin resulting layers are responsible for very high-

resolution parts where the layers are nearly invisible to the human eye. The downside is 

that many more layers are needed for a given part size as compared to other additive 

technologies with thicker layers. Adding more layers takes more time, justifying the 

employment of metal material jetting only for the production of small parts. 

Sheet Lamination  

Sheet Lamination represents the less widespread technique among the seven families of 

AM, despite Laminated Object Manufacturing (LOM) was one the first commercialized 

additive manufacturing technique in 1991. The layer-by-layer process is shared with all 

other AM methods; however, this technique requires the particular use of metal foils as 

feedstock, instead of powder, filaments, droplets. The foils thickness typically range from 

0.07 to 0.2 mm [30]. The selected metal feedstock is rolled on the building platform and 
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bonded over the previous layers, using the adhesives or welding technique. The adhesion 

of the foils is enhanced by the heat pressure of a heated roller. A laser or mechanical 

cutting is performed to create the desired shape, according to the slice contour (bond-

then-form). An alternative configuration could provide the cutting phase prior to the 

deposition and bonding process (form-then-bond) [16]. Regardless the chronological 

order, the process is repeated until the complete part is build. Generally, the unused 

material, following the cut, is left on the building platform acting as support structure. It 

is diced using a crosshatch pattern into smaller pieces. A post processing is necessary to 

remove the exceeding material and to reach an adequate surface finish.  

 

Figure 1.11: Schematic of SL system [16].  

The Sheet Lamination technique could be further divided based on the adhesion 

mechanism among deposited layers. The LOM process involves polymeric-based 

adhesive to bond layer upon layer. The heated roller applies pressure on the deposited 

foil, melting the polymeric-based adhesive and generating a bonding between the adjacent 

layers. The other process is Ultrasonic Additive Manufacturing (UAM), also known as 

Ultrasonic Consolidation (UC). In this method, a rotating sonotrode travels along the 

length of a foil (typically with a thickness of 100-150 μm). The sonotrode oscillates along 

the rolling direction at a constant 20 kHz frequency providing ultrasonic vibration and 

pressure. During the movement of the digitally controlled sonotrode, the temperature of 

the layers increases due to frictional welding heat ensuring the bonding among the 

interfaces (Figure 1.12)[30].  
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Figure 1.12: Schematic of ultrasonic consolidation [16].  

The main advantages of this technologies rely on the process speed and the relative low 

cost of the equipment, compared to the other AM techniques that work with metallic 

materials. The drawbacks of SL are especially related to the microstructure of the shaped 

part and its mechanical properties. Large and distributed voids result from this process, 

mainly due to the excessive surface roughness of the foils and energy input resulting in 

the breaking of the previous bonds. Besides, grains are oriented end elongated along the 

rolling direction since metal foils are fabricated by roll lamination. Indeed, anisotropy of 

the mechanical response along all three axis occurs.  

Directed Energy Deposition 

Directed Energy Deposition (DED) technique is primarily used for the production of 

metal components [31], using focused thermal energy such as a laser, an electron beam 

or a plasma arc to completely melt material as it is deposited [32]. The feedstock material, 

which is provided in either powder or wire form, is pushed through a feed nozzle that also 

generates a protective atmosphere to prevent material oxidation. By properly overlapping 

the generated clads, layers are overlaid one on the other until the required geometry is 

produced. Both heat source and nozzle are mounted on a gantry system or robotic arm, 

hence the build platform can be rotated to achieve different features and eliminate the 

need of those support structures that are required by PBF systems. This ensures faster 

deposition rates, but also leads to poorer surface quality that may require additional 

machining. The process, shown in Figure 1.13, typically takes place in a hermetically 

sealed chamber filled with inert gas or in a vacuum. 
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Figure 1.13: Schematics of two DED systems (A) uses laser together with powder 

feedstock and (B) uses electron beam and wire feedstock [33].  

DED can be used to build fully dense functional parts but is mostly exploited to repair 

damaged parts or enhance the surface properties of already existing objects due to the 

absence of a powder bed. 

Different metals can be processed by this technology, including tool and stainless steels, 

titanium alloys, nickel alloys and copper alloys. Typical DED-based processes for metals 

are: 

● Laser Metal Deposition (LMD) allows for highly complex parts to be repaired 

with lower distortion compared to conventional welding techniques. Due to low 

heat input, the heat affected zone is small and the strength of material is not 

affected. However, the layered microstructure and residual stresses that are 

commonly present because of steep thermal gradients lead to anisotropy in the 

mechanical properties of fabricated parts. 

● Laser Engineered Net Shaping (LENS) uses laser source to build objects layer by 

layer directly from metal alloys powder. The hermetically sealed chamber is filled 

with argon so that the oxygen and moisture levels stay very low. 

● Aerosol Jet Technology (AJT) is a cost-effective, scalable process that enables the 

fabrication, enhancement and repairing of high-performance electronic and 

biologic devices. Electronic components such as resistors, capacitors, antennas, 

sensors, and thin film transistors have all been printed with AJT, eliminating the 

need for a separate substrate thereby reducing the size, thickness and weight of 

the end product [34]. 
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● Electron Beam Additive Manufacturing (EBAM) is employed to produce large 

scale metal structures. An electron beam gun deposits metal wire feedstock to 

ultimately produce near-net-shape structures and parts up to 80% faster than 

traditional manufacturing methods [35]. 

Recently, also cold spray processes have drawn the attention of researchers. This kind of 

DED-based techniques involve material particles deposited with high kinetic energy on a 

substrate or already deposited coating, thus creating a successful bonding due to adiabatic 

shear instability or mechanical interlocking [36]. 
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2 Metal Material Extrusion  

2.1 Background of the technology  

The introduction and development of dissimilar additive technologies within the 

manufacturing production chain required a leap forward in terms of production variability 

and containment of production costs. All this led to the study of new techniques that 

respect the cardinal principles of industrial productivity, but at the same time guarantee 

competitive structural and mechanical characteristics. In particular, the development of 

new techniques involved the manufacture of metal components. Among different 

techniques, Powder Bed and Powder Fed systems occupy the largest share of the market 

since they are well developed and mature. A Powder Bed System concerns the bed 

melting or sintering of raked powders within a working area. The main advantages is the 

possibility of realizing high density products, up to 99.9% of nominal density, and 

providing high-resolution features and allowing to produce complex and hollow parts for 

critical uses with final remarkable physical and mechanical properties [37]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

. A Powder Feed System differs from the previous one since metal powders are conveyed 

through a nozzle and a laser sinters a monolayer onto the build surface. This system 

allows to work with larger build volumes and the flexibility of the equipment also 

enlarges its use for repair worn or damaged components. The large amount of advantages 

associated with these systems makes them the most exploited types of technology for the 

additive manufacturing of metals. Nevertheless, the main problems shared by these two 

processes are high purchasing cost, high energy consumption and the need of using safety 

system for powder handling. The greatest cost driver is the initial investment in 

production equipment. Besides, further ancillary costs are required, such as sieving 

equipment, facility costs and post-processing equipment. Raw materials are also a 

relevant cost driver, as the costs of additive manufacturing materials are higher than 

traditional manufacturing materials by up to a factor of 8 on a weight basis [38]. Metal 

AM processes need to employ high-energy sources to sinter the metal powders during the 

manufacturing processes. This related energy expenditure clearly generates high 

purchasing cost and affects the sustainability of the process itself, increasing the carbon 

footprint, but also influences the microstructure and mechanical properties of the 

fabricated components. Even powder safety represents an area of concern within metal 
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AM, as there are many aspects of metal powder handling that pose a health and safety 

risk, as exposure to micrometric powders and explosions through the formation of dust 

clouds and ignition sources. Particular attention must be paid to nanosized particles that 

can easily enter the human body if inhaled or absorbed by skin follicles. In facts, it has 

been demonstrated how non-harmful compounds turn out to be toxic in the nanometric 

scale [39]. All these aspects generate the need to introduce a lower cost and safer methods 

of metal AM fabrication, both in the acquisition, operation and maintenance of 

equipment, expanding the applications even to no high value-added industries. The 

intensified efforts of both researchers and industries in the development of more 

affordable 3D printing processes to produce metal components lead to the constantly 

increasing presence of MJ, BJ and ME on the metal AM market. Indeed, according to 

[40], the metal AM market is gradually becoming more homogenized among dissimilar 

AM technologies, as reported in Figure 2.1.  

 

Figure 2.1: Metal AM market in 2021 [40]. 

Among the aforementioned rising metal AM systems, Material Extrusion (ME) is one of 

the most widely used AM technologies owing to its simplicity and low cost. This 

technique forces the extrusion material through a nozzle, which follows a predetermined 

path to build the component onto a build platform, layer upon layer. In the ME process, 

extruded materials are generally thermoplastic filaments with poor mechanical properties 

[41–44]. In general, parts manufactured using ME technology are excellent for 

prototyping and visualization purposes; however, they are rarely used for load-bearing 

applications owing to their lack of strength. This technical issue has limited the use of 
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ME in mechanical applications. Extensive research is underway to improve the 

mechanical properties of ME components and thereby extend the applications of this 

technology. Fiber-reinforced polymers have been investigated for decades owing to their 

tailored material properties and high specific strength. Fiberglass and carbon are the most 

widely used fibers in combination with a polymer matrix. The polymers hold and protect 

the fibers and transfer the load to the reinforcement, while fibers support the load by 

providing excellent resistance to the structure. A clear improvement in the ultimate tensile 

strength (UTS) of polymeric samples reinforced with fiberglass and carbon fibers is 

presented in [45,46]. Particular attention is also given to the use of filaments containing 

metal powders, which could improve the properties of manufactured multi-material parts 

compared with those of polymer composites. A few studies have been conducted on the 

reinforcement of polymeric filaments with metallic particles. Hwang et al. [47] stated that 

the tensile strength of specimens decreased with an increase in the copper and iron 

contents in the thermoplastic filaments, as reported in Figure 2.2.  

 

Figure 2.2: Stress – strain curves for ABS with copper particles (left) and with iron 

particles (right) [47]. 

Increasing the copper content from 10 wt.% to 30 wt.% generates a reduction of the tensile 

stresses from 45.7 MPa to 26.5 MPa, and the tensile strain also decreased. A similar 

contraction of tensile stress and strain occurred with the addition of iron particles in the 

polymeric matrix. A greater amount of infill particles content resulted in more numerous 

and larger voids, causing lower binding force between layers and disturbing the bonding 

force between the layers. 

Likewise, Ryder et al. [48] confirmed the deterioration of the mechanical properties of 

samples with the addition of type 420 stainless steel particles. DSC analysis revealed the 
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increase of glass transition temperature of the polymer matrix up to a 15 wt.% metal 

particle concentration. Considering the mechanical properties, the UTS values remained 

relatively constant with the increase in solid loading up to 15 wt.%. Beyond this 

concentration threshold, the content of metal particles increased the thermal conductivity 

of the material and started to locally strain the glass domains and facilitate the melting 

phase, leading to a deterioration of the mechanical and physical properties of the samples.  

 

Figure 2.3: Modulated Differential Scanning Calorimetry (MDSC) results for base 

ABS, and ABS-SS composites [48].  

In [49], an increase in the volume fraction of iron particles reduced the fracture energy. 

Furthermore, the authors indicated that the variations in the tensile strength and tensile 

elongation were strongly dependent on the size of the metal particles. Thus, a smaller 

particle size generated a larger tensile elongation at break but with a degradation in the 

tensile strength, as exhibited in Figure 2.4.  
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Figure 2.4: Stress – strain curves for Fe/Nylon samples with different infill 

compositions  [49]. 

Polymer–metal composites reduce the mechanical performance owing to the difficulty in 

achieving uniform particle distribution and strong adhesion between the metal powders 

and polymer matrix. Poor adhesion generates large voids at the interfaces between the 

particles and matrix, which induce cracks upon loading. The bending behaviour of parts 

printed with the metal–polymer blends was not adversely affected by the separation of 

the filler from the polymer matrix during the test. Nabipour et al. [50] performed flexural 

strength tests on polyethylene–copper samples, demonstrating that the addition of metal 

particles increased the maximum flexural strength up to 19.41 MPa, with a reduction of 

flexural strain and modulus directly proportional to the increase in copper content 

percentage (Figure 2.5).  
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Figure 2.5: Flexural strength values for different metal contents [50]. 

Fafenrot et al. [51] mechanically tested Magnetic Iron/PLA and Bronzefil /PLA samples 

and pointed out that the mechanical properties of objects printed with metal– polymer 

blends were lower to parent PLA-printed objects, taking into account tensile tests and 

flexural tests. In Figure 2.6, the fracture surface of PLA, Magnetic Iron and Bronzefil are 

reported.  

 

Figure 2.6: Microscopic images of specimens after tensile tests, prepared from PLA 

(left); Magnetic Iron (middle); and Bronzefil (right) [51]. 

In general, cracks were visible in the form of remarkable elongation in the infill area, 

while the lines in top and bottom areas were still strongly connected. Magnetic Iron and 

Bronzefil showed a higher irregularity of the infill lines, as compared to PLA, due to an 

inhomogeneous distribution of the solid content. Such inhomogeneities resulted in 

weaker areas, at the interface between metallic particles and polymeric matrix, suggesting 

the low tensile and flexural strengths measured for samples filled with solid content. 

Overall, the addition of metal powder within a polymeric matrix generates a reduction in 

the mechanical properties of the specimens when compared with those of the base 

polymeric material. This widespread worsening of the mechanical characteristics is also 
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independent of the type of thermoplastic material and solid content. Furthermore, the 

process parameters and the percentage of metal content are often irrelevant. 

2.2 Metal ME Technology  

Metal Material Extrusion (MME) is a novel variant of the traditional Material Extrusion 

technique, which involves the use of a multicomponent filament, made up of a polymeric 

matrix and metal powders evenly distributed. The basic principle of this alternative 

technique consists of multistep process divided in three stages. The shaping phase 

consists in the softening a filament, pushed through an heated nozzle, and the plotting of 

the softened material layer by layer according to a pre-defined path to form a coherent 

solid structure on a preheated platform to improve adhesion between parts and bed. The 

binder fraction is removed from the printed part through a debinding step using solvents 

and/or thermal debinding [52]. Lastly, the sintering phase provides interparticle bonding 

that leads to near full densification through a thermal cycle performed below the melting 

temperature [53]. The thermal treatment phases improve the mechanical properties of the 

metal components, achieving values comparable to those typical of the metal base 

material. 

Metal ME process can be divided into three different typologies, as a function of the 

feeding system used. Screw based metal ME represents the most flexible system in term 

of material selection, since the range of different metal alloy filaments is still very 

narrowed. The production of rods or filaments requires special extrusion equipment to 

obtain feedstock with constant cross-sectional area and minimum ovality. Screw based 

systems use pellets as raw feedstock, which are also the starting element in Metal 

Injection Moulding (MIM) technology. The process relies on the rotation of the screw to 

transport the granulated feedstock close to the nozzle in conjunction with the heat 

generated by heating elements above the glass transition temperature of the polymer 

binder and the friction among metal particles and the screw walls. Cruz et al. developed 

an own screw system equipped with two band heaters, which were placed around the 

barrel to keep constant  the temperature up to 250 ◦C during the plasticization process 

[54]. 
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Figure 2.7: Schematic of screw-based feeding system [55].  

Two main advantages feature the proposed feeding system. The feedstock can 

continuously be feed without any interruption due to replenishment. This leads to high 

productivity, since the overall printing time is reduced due to the unnecessary process 

stoppage during feedstock replenishment nor feedstock re-heating to the temperature 

required. Besides, the use of pellets as raw feedstock allows the consumption of high solid 

loading materials employed in MIM technique.  

 

Figure 2.8: Low and high magnification of the 17-4PH stainless steel granulated 

feedstock [56].  

The printing quality is ensured by a proper control of pellets size, since a dimension lower 

than 5 mm minimize defects caused by air entrapment [57]. Different authors [58,59] 

suggested that a size in the range of 3 to 5 mm could generate a good quality printing and 

an high density final part after sintering treatment. Large, granulated feedstock could 

generate issues during the softening phase; while granules size smaller than 3 mm could 

lead to the clogging of the extrusion head. The main drawback related to this system is 
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its stabilization, since it is difficult to maintain the material flow rate constant due to air 

trapped within the softened feedstock and the high viscosity of the heated pellets.   

An alternative to screw-based systems is represented by plungers. A plunger-based 

process provides the use of circular bar feedstock, which are fit into a cartridge 

surrounded a heated sleeve and then fed into a plasticizing unit in charge of the softening 

of the material. The softened material is accumulated in a reservoir and a mechanical 

drive system, a plunger, drives the soft material in the melting zone.  

 

Figure 2.9: Schematic of plunger-based feeding system [55]. 

The main advantages concern the high material handling ability and the high solid loading 

content, which can be compared to MIM feedstock. Nevertheless, an additional step is 

required to transform the raw highly filled feedstock in circular bar feedstock. The main 

limitation is the time consuming print discontinuity related to the replenishment of the 

material. The disruption of the printing process results also in the quality deterioration of 

the shaped part. The solution proposed by Giberti et al. [60] consisted of a mixed system 

combining a screw in a plasticizer to feed the MIM feedstock  and a plunger to push the 

feedstock through the heated nozzle (Figure 2.10). In this case, the reversing of the 

plunger is minimized by receiving the feedstock from the screw-based system. 
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Figure 2.10: Set-up of combined plunger and filament based feeding system [60].  

The most widespread feeding system is constituted by filament-based processes. A highly 

filled polymeric filament is fed by a transport system to the melting zone close to the 

heated nozzle, which oversees the extrusion process.  

 

Figure 2.11: Schematic of filament-based feeding system [55].  

The ease of use and safety in handling make this system the most used for extrusion-based 

techniques. On the other hand, the main disadvantage of this system is the need for 

filament production and an excellent know how for the material selection. The transport 

system is generally driving wheels which firstly pulls the spooled filament in the melting 

zone and then pushes the softened material through the nozzle. The driving wheels should 

be equipped with motors that generate a sufficient torque for the transport of the filament. 
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Besides, the wheels should have enough mechanical friction to transfer the force to the 

filament during its passage into the liquefier. The filament should be characterized by an 

appropriate level of mechanical strength to retain its shape during its transport by means 

of the driving wheels pushing the following softened material out of the printing head, 

and to avoid shearing due to the squeezing from the wheels. In addition to this 

requirement, the filament should also have enough flexibility to be spooled and stored on 

a coil facilitating the process of replenishment and extrusion into the liquefier.  

2.2.1 Shaping  

Shaping represents the first stage of this multi-step additive process and consists of the 

preparation of the required feedstock made up of polymeric blends and metal powder 

mixture and the printing phase of a green part by means of a ME machine. Each step of 

this process is essential for the successful manufacturing of the workpiece. In fact, 

obtaining a filament with specific physical and chemical characteristics will allow a print 

of excellent quality, avoiding the realization of green parts with criticalities that can not 

be fixed in the subsequent stages of thermal treatments of debinding and sintering. 

2.2.1.1 Feedstock preparation  

Most of polymeric filaments loaded with metallic particles are multi-components binder 

systems. The filaments containing more than 45 vol.% of metal particles become very 

brittle and their molten state viscosity increases considerably. The physical and 

mechanical properties required for extrusion are not satisfied with a single component 

binder and it is therefore necessary to use multicomponent polymeric binder systems. 

The polymeric component of the feedstock has a great influence on the extrusion process 

and thus on the final properties of the sintered parts, even if the debinding step removes 

any traces of polymeric content inside the shaped component. The binder system is 

generally composed of three main binder groups. The main polymeric component is the 

low molecular weight element, which is the element in the largest amount in the range of 

50 to 90 vol.% within the total binder system. The main binder mostly influences the 

extrusion process and undergoes the complete removal during the debinding treatment. 

The main elements in the binder system are polymers which ensure high flexibility to the 

filaments. Elastomers [61] and amorphous polyolefins [62] makes the feedstock flexible 
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enough to be spooled. Besides, the flexibility of filament can be improved by combining 

stiffer polymers (i.e., polyamide) and plasticizer components which can be easily 

dissolved during debinding. Polyacetal based components are even diffused, since it can 

be easily dissolved by catalytic degradation, which is the quickest debinding technique. 

Another crucial component within the binder mixture is the backbone. This secondary 

element is the higher molecular weight polymer and needs specific thermal and chemical 

properties to hold together the shaped part in the course of the removal of the primary 

binder during the first phase of the debinding process. The backbone is contained in least 

amount compared to the primary binder and it is removed by means of thermal 

degradation prior to sintering step. Since the backbone is responsible for the shape 

retention of the green parts, the material selected should not be susceptible to catalytic 

debinding and several types of polymer are suitable as secondary binder, such as 

Polyammide (PA [63]), Polypropylene (PP [64]) and Polyethylene (PE [65]). Lastly, a 

low percentage of additives in the range of 0 to 10 vol.% is added to total amount of 

multicomponent binder to act as surfactant and lubricant slightly modifying the properties 

of the feedstock. Indeed, these dispersant agents enhance the dispersion of metal powders 

within the binder mixture, prevent phase separation and minimize agglomeration of the 

filler particles. The most common used is stearic acid [66]. An optimized binder 

formulation is essential for the success of a green part printing, since it can affect the 

flexibility and the flowability of the feedstock, the superficial adhesion with the solid 

loading, the degradation rate during the debinding step and the porosity and final density 

of the sintered parts. Kukla et al. [67] evaluated the effect of three different backbones in 

a binder mixture, in which a thermoplastic elastomer was the main binder component. It 

was demonstrated the positive relationship between the improvement of modulus strength 

of the feedstock and the increase of backbone content in the multicomponent blend, 

without any deterioration of other properties, such as secant modulus and viscosity of the 

filament. Similarly, Cano et al. [68] studied different binder formulation considering the 

mechanical and rheological properties of filaments. Figure 2.12 shows the shear viscosity 

of the feedstock as a function of the angular frequency. It is noticeable that the single 

compounds (i.e., APO/No and SEBS/No) had a significatively higher complex viscosity 

values compared to two soluble components compounds, leading to a greater risk for 

nozzle clogging and a higher stiffness of the feedstock. Besides, no relevant difference 
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could be depicted between two different two soluble components mixture characterized 

by the same main binder element.  

 

Figure 2.12: Shear viscosity as a function of the angular frequency for different binder 

systems measured at 150 °C [68]. 

Besides the viscosity, which plays a critical role in the mixture of the feedstock and the 

subsequent extrusion phase, the mechanical properties greatly influence the selection of 

binder formulation for the desired feedstock. Comparing single and double soluble 

components compounds, a significantly higher secant modulus (Figure 2.13C) and a 

higher UTS or yield stress (Figure 2.13A) was registered by adding a second soluble 

component, since the wax increased the crystallinity of the primary binder. Nevertheless, 

the corresponding strain values exhibited a worsening (Figure 2.13B) due to the poor 

mechanical properties of the wax, acting as defects points in the amorphous phases of the 

rest of the components.  
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Figure 2.13: Tensile properties of filaments made up of different binders: (A) Yield or 

ultimate tensile stress, (B) strain at yield or at the ultimate tensile stress, and (C) secant 

modulus [68]. 

Analogous results were obtained in [69], studying the variation of a plasticizer from 0 to 

100 vol.% within linear low density polyethylene as primary binder. The increase of 

plasticizer content reduced the viscosity of the feedstock owing to the intrinsic property 

of polyethylene wax used. However, the shaped component experienced a general 

worsening of its compressive behaviour. An optimized level of binder mixture containing 

40 vol.% of plasticizer was selected to balance the rheological and mechanical properties 

of the feedstock.  

Along with the binder formulation, the powder content, as well as its size and distribution, 

have a significant impact on the extrusion phase and on the final properties, both physical 

and mechanical, on the sintered samples following the final step of thermal treatments. 

To date, few alloys have been developed and commercialized, since the compatibility 

with multicomponent binder and debinding and sintering phases required lots of effort to 

expand the amount of material availability to be used with metal Material Extrusion 

Technique. AISI 316L and AISI 630 (17-4PH) are two main commercially widespread 

alloy used, followed by Ti-6Al-4V alloy and Nickel superalloys, as plotted in Figure 2.14.  
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Figure 2.14: Alloys utilized to fabricate 3D parts by material extrusion additive 

manufacturing processes [55].  

The change of powder characteristics heavily affects the mechanical and rheological 

properties of feedstock materials. The type of filler particles resulted to influence the 

processability and the tensile strength of different filaments. Kukla et al. [67] verified the 

viscosity and the mechanical properties of the filaments varying the powders distributed 

in the multicomponent compound. Since relevant chemical modifications occur, different 

rheologic behaviour resulted using different type of fillers. Different powders also have 

an influence on the mechanical properties of filament, despite all the filaments contained 

the same class and amount of binder formulation. The filament loaded with AISI 316L 

stainless steel particles exhibited the highest UTS and elongation at break. On the 

contrary, titanium powders generated lower value of tensile stress and flexibility, 

resulting in worse spooling, feeding and printability of the filament.  
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Figure 2.15: ε-σ curves (top) and σmax and εb (bottom) for filaments loaded with 

different solid loadings [67]. 

Besides, the morphological characteristics of the powders (e.g., size and shape) can 

influence the physical and mechanical properties of the feedstock materials [19].  Wu et 

al. [66] utilized two AISI 630 stainless steel powder with different morphology, spherical 

powders in the range from 3.9 to 44 µm and irregular powders in the range from 2.8 to 

44  µm, stating that spherical particles are preferable due to lower viscosity compared to 

irregular shaped ones. Also, the influence of the powder size has been widely 

investigated. In [70], feedstocks containing 316L steel powder with different particle 

sizes were characterized in terms of viscosity and mechanical properties. Besides, also 

the printability of the different feedstocks was verified. Smaller particles had an average 

size of approximately 5.5 μm (D50), while larger particles average size was 

approximately 8.6 μm (D50). The increase in particle size enhanced the printability of the 

feedstock since the apparent viscosity decreased. Besides, a general worsening of 

mechanical properties of the filament occurred by rising powder dimensions, as the secant 

modulus decreased of 42% and the elongation at break decreased of 35%.  
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Figure 2.16: Apparent viscosity (η), secant modulus (E) and elongation at break (εbr) 

for filaments with different particle sizes [70]. 

Similarly, Singh et al. [71] studied the effects of fine (D50 =13 μm) and coarse (D50 =30 

μm) Ti-6Al-4V powders evenly distributed in a multi-component polymeric binder. Both 

type of fillers exhibited a decrease in viscosity increasing the shear rate from 20 s−1 to 

800 s−1. For all the shear rate values tested, coarse powders had a lower viscosity 

improving the flowability and extrusion properties of the filament. Fine powder generated 

an higher interparticle friction, as smaller interstitial spaces existed among the mixture 

[72]. Furthermore, fine powder had larger particle surface contact area between powder 

particles requiring a higher binder amount for uniform wetting. Lastly, the powder content 

plays a crucial role in the final properties of highly filled filament. Generally, the solid 

loading content lies in the range of 60 to 65 vol.%. Few studies analysed the effects of 

increasing the powder content above the target limit of 65% in volume. Giberti et al. [60] 

used a MIM commercial feedstock made up of AISI 630 martensitic stainless steel with 

a concentration of 79% in volume dispersed in water soluble polyethylene glycol and 

performed extrusion to evaluate the accuracy of parallel kinematics configuration. Higher 

solid loading provides a higher density with lower dimensional shrinkage after sintering. 

An excessive solid loading could lead to unprintability due to high level of viscosity of 

the feedstock. Gonzalez-Gutierrez et al. [73] evaluated the effect of the increase of solid 

loading on the mechanical properties of feedstock. Indeed, the 5 vol.% increase of AISI 

316L and Fe12O19Sr worsened the ductile behaviour of the feedstock. Despite the 
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brittleness of both filaments, the further addition of AISI 316L did not stopped the correct 

feeding and printability of the feedstocks. Diversely, the 5 vol.% of Fe12O19Sr within the 

multicomponent binder required to be fed manually and the green parts resulted more 

fragile during the removal from the build plate. This behaviour suggested the maximum 

solid loading depends on the type of material, due to the diverse particle-matrix chemical 

interaction.  

 

Figure 2.17: Stress – strain curves for 316L and Fe12O19Sr 316L filaments with 

different solid loadings [73].   

The solid loading also affects the rheological behaviour of binder mixture compound. 

Rane et al. [74] tested the viscosity of a filament, varying the powder content among 50, 

54 and 63 vol.%. In all three cases, a very steep decrease in viscosity increasing shear rate 

was observed. Additionally, an increase of the solid loading within the polymeric 

compound deteriorated the rheologic behaviour of the feedstock, since the higher the 

powder content, the greater is the interparticle friction generated.  
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Figure 2.18: Apparent viscosity of SS316L feedstock having different solid loading [74].  

The production of filaments affects their processability and printability since different 

properties of the filament could be modified by different extrusion processes. According 

to the volume production, dissimilar processes can be used: capillary rheometers [75] for 

small batches  and single [49] or twin [76] screw extruders for larger volumes. The 

primary requisite for an adequate filament stands for a homogenous distribution of the 

metal filler within the multicomponent binder. Homogeneity helps to minimize 

segregation of particles or binder within the feedstock. Segregation could deteriorate the 

final sintered parts in terms of excessive anisotropic shrinkage or visible porosity and 

cracks, since a disproportionate content of binder in a small area portion could generate 

voids during the debinding phase that the sintering process could not densify. A possible 

solution to prevent segregation of binder domain or metal powder within the compound 

is the use of high shear mixing techniques. Abel et al. [76] compared the mechanical 

properties of two filaments fabricated with different mixing technique: a contra-rotating 

roller mixer (RM) that generated low shear forces and a high shear compounding twin 

screw extruder (TSE). By looking at Figure 2.19, it can be noticed that the filament 

compounded and produced by means of a twin screw extruder after compounding in the 

twin screw extruder had higher values of ultimate tensile strength and elongation at break, 

while its secant modulus is smaller than those of the filament produced after compounding 

in the roller mixer. The ductility of TSE filament enhanced its printability because the 
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high shear action of the twin screw extruder broke the powder agglomerates and dispersed 

the single metal particles.  

 

Figure 2.19: Influence on mechanical properties of feedstock fabricated with different 

compounding methods (RM and TSE) [76].  

In addition to the homogeneous distribution of metal particles in the polymer matrix, the 

wire geometry is a further parameter to be considered in assessing printability of the 

feedstock. A constant geometry of a filament, in terms of wire diameter, positively 

influences the transport, the feeding and the extrusion phase of the printing process, since 

dimensions exceeding the target measures resulted in buckling of the filament in the 

extrusion head due to the excessive flow rate; while the opposite situation could lead to 

under-extrusion causing voids, poor bonding and geometrical inaccuracy of the sintered 

parts after the debinding and sintering treatments. Gutierrez and Gonzalez et al. [77] 

suggested that an acceptable deviation from the desired diameter is represented by the 

difference of 0.05 mm. The roundness of the filament may affect the printing process. 

The ovality is defined as the difference of the diameters in the horizontal and vertical 

directions. Thus, a perfect round shaped wire has no ovality since both diameters are 

equal. Lengauer et al. [78] fabricated an highly filled filament, which was made up of 

hardmetal powders (WC-10% Co) and a mixture of thermoplastic elastomer TPE as 

primary binder and polypropylene as backbone, by means of a capillary rheometer. The 

filament had a constant ovality distribution within ± 0.030 mm, which is sufficiently low 

to consider the filament rounded. Besides, the SEM image (Figure 2.20) confirmed the 
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compatibility of hardmetal particles and binder compound, resulting in an equal 

distribution.  

 

Figure 2.20; Overall view and detail of the filaments filled with hardmetal powders 

[78].  

Other researchers [79] evaluated how any change in the extrusion temperature could 

affect the mechanical properties of the samples and its surface quality. It was suggested 

that low extrusion temperatures and medium extrusion speed ensured the best results in 

terms of ductility and surface quality of the filament. An extrusion temperature within the 

range of 155 to 160 °C conducted to the highest level of density and no break during 

bending test, in addition to good surface quality as shown in Figure 2.21. Besides, the 

ductility of the filament increased the buckling tendency of the filament worsening the 

printability due to nozzle clogging and cracks in the printed parts.  

 

Figure 2.21: Extruded filaments with good and scarce surface quality [79]. 

Similarly, Singh et al. [75] evaluated the effects of extrusion temperature on the properties 

of the filament loaded with 59 vol.% coarse Ti-6Al-4V powder. The density of the 

filament lowered from 99.8 ± 0.2% to 91.2 ± 0.2% with the increase of temperature from 
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105 °C to 135 °C; while at 145 °C, the density increased to 99.9 ± 0.1%. The variance of 

density values was consistent with the topographical observation in Figure 2.22.  

 

Figure 2.22: Effects of extrusion temperature on filament attributes: surface and bulk 

morphology and density [75]. 

Furthermore, the different extrusion temperatures also affected the geometry and the 

surface roughness of the tested filament. It is evident in the graphs plotted in Figure 2.23 

that the highest temperature of 145 °C led to an excessive decrease of the wire diameter 

(i.e., 1.59 ± 0.09 mm) and worsened its superficial quality, since the surface roughness 

increased from 2.4 ± 0.04 μm at 105 °C to 6.7 ± 0.7 μm at 145 °C. 

 

Figure 2.23: Effects of extrusion temperature on filament diameter (left) and surface 

roughness (right) [75]. 

The levels of feed rate and flow rate lead to a variance of filament properties during the 

extrusion process. The feed rate consists of the velocity of the extrusion and it is expressed 

in mm/s. Singh et al. [71] stated that the increase of feed rate required force to overcome 
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the pressure drop, increasing the viscosity of the feedstock. Besides, fine powders 

required higher force owing the higher viscosity compared to coarse powder for assessing 

continuous material flow.  

 

Figure 2.24: Force to overcome the pressure drop for fine powder (a) and coarse 

powder (b) [71] 

Flow rate is the quantity of extruded feedstock coming out of an heated nozzle in the unit 

of time and it can be expressed as L/sec. Increasing the flow rate tend to improve the 

viscous behaviour of the feedstock [80]. In addition to the quantity of wire produced, the 

nozzle size reduced the viscosity in inverse proportion, as represented in Figure 2.25.  

 

Figure 2.25: Maximum extrudable viscosity as a function of flow rate and nozzle 

diameter [80]. 



 

48 

 

 

Different authors proposed various set-up of the extrusion process to improve the 

geometric properties of extruded filaments. As an example, conveyor belts (Figure 2.26) 

were placed at the end of the extruder head to transport the wire from the extrusion zone 

to the spooling system to minimize any distortion of the filament during the handling 

phase [77,80].  

 

Figure 2.26: Schematic representation of filament extrusion line equipped with a 

conveyor belt [81]. 

Rane et al. [74] evaluated the effects of vertical extrusion process on the major filament 

characteristics. This work revealed that shrinkage rather than swelling occurred during 

vertical extrusion process. In particular, when the extrusion temperature was kept stable 

around 130 °C, no relevant difference between the two dissimilar extrusion nozzles (i.e. 

0.6 and 0.9 mm) was detected. Increasing the temperature up to 140 °C, the smaller nozzle 

generated swelling without any compensation owing to the gravity loading. Furthermore, 

shrinkage of the produce filament increased for fewer solid loading (i.e., 50 vol.%), since 

there was a larger amount of polymeric content resulting in higher flow rate and lower 

viscosity. During the extrusion phase, the cooling rate was slower and the filament 

experienced shrinkage due to its own weight. 
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Figure 2.27: Effect of nozzle diameter and extrusion temperature (a) or solid loading 

(b) on diameter of vertically extruded wire [74].  

During the production of the filament by means of different extrusion process, it is 

important to monitor the level of air trapped within the compound, since it could lead to 

cavities generation inside the feedstock. In Figure 2.28, cavities resulted from air 

entrapment during the production of the filament with a single screw extruder are visible. 

Cavities can cause the worsening of the mechanical properties of filaments in terms of 

flexibility and stiffness, compromising their printability.  

 

Figure 2.28: Section of a highly filled filament with visible cavities [61] 

2.2.1.2 Green parts printing  

The extrusion and deposition processes directly affect the result of the multistep ME 

technique to obtain high quality sintered parts in terms of physical and mechanical 

properties. Therefore, the choice and the optimization of printing process parameters 

influence the fabrication of green parts with desired characteristics. The achievement of 

specified properties of the green parts ensured proper metal parts. Although there are 
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several adjustable printing parameters, some of these are more critical in determining the 

final properties of the green parts.  

Extrusion temperature represents the temperature of the extrusion nozzle, which has the 

task of heating and softening the filament before its deposition and it plays the most 

crucial role in the shaping of a green part. Any change in extrusion temperature influence 

the mechanical properties and the geometric accuracy of the shaped part. The nozzle 

temperature is directly dependent on type of binder compounded within the feedstock. 

Indeed, a nozzle temperature slightly above the melting point of the primary binder could 

successfully reduce the viscosity of the filament enhancing the deposition process. In 

[82], an extrusion temperature of 290 °C was selected, since the melting point of the used 

filament was around 220 °C. At a temperature of 270 °C, the viscosity of the feedstock 

was too high to allow continuous extrusion during the printing process. On the contrary, 

a bit higher temperature (i.e., 295 °C) resulted in unsuccessful printing trials, since it 

hindered a proper adhesion of new layers on the previous cooled ones.  

 

Figure 2.29: Printing Trials with nozzle temperature 270 °C (a); nozzle temperature 

290 °C (b); nozzle temperature 295 °C (c) [82]. 

Closely connected to the extrusion temperature, the temperature of the building plate is a 

printing process parameter that should be considered to obtain a free defect shaped part, 

since an unproper adhesion of the green part to the platform could lead to the detachment 

of the part resulting in poor-quality printed objects, likely due to shifts, warps or 

delaminations during the printing process. Spoerk et al. [83] suggested that a slight 

increase of the bed temperature above the glass transition temperature (Tg) of the primary 

binder enhanced the adhesion bonding between the first layer deposited and the build 

plate, owing to a reduction of the surface tension and a larger contact area between the 

printing platform and the material.  
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Figure 2.30: Adhesion force of printed parts varying the bed temperature [83] 

The printing speed, also known as feed rate, impacts on the printability of green parts, 

since it affects the shape geometry and the final density of the component. Besides, the 

printing speed also affect the total printing time and, though, it changes the direct cost of 

an object. Excessive printing speed generates a critical amount of residual stresses within 

the build object provoking high deformation and walls distortion [84]. In [71], the relation 

between level of printability and feed rate was assessed. The filaments loaded with fine 

powder exhibited good printability up to 2 mm/s feed rate. Within the range of 2 to 4 

mm/s a non uniform feedstock deposition occurred resulting in wide gaps of the structure. 

Above 4 mm/s, the high feed rate completely hindered the extrusion process, since no 

object could be printed. Diversely, a printing speed of 8 mm/s ensured a correct printing 

process for filaments filled with coarsed metal particles, increasing the window of feed 

rate for a proper printability of highly filled feedstock. The higher viscosity of fine powder 

caused the higher worsening of surface quality compared to coarsed powder filaments.  
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Figure 2.31: Effect of feed rate on the printed geometry as a function of the powder 

shape [71] 

Additionally to the surface quality, the authors also investigated the relationship among 

the increase of feed rate, the dimensional accuracy and the mass of shaped parts. 

Concerning the dimensional deviation, the feed rates higher than 2 mm/s resulted in a 

considerable increase of the deviation from 1.7 ± 0.3% to 6.8 ± 0.9%. Analogous to 

surface quality and dimensional accuracy, the increase of printing speed negatively 

affected the final mass of the green part.  

 

Figure 2.32: Effect of feed rate on the dimensional change with respect to the CAD file 

geometry (left) and printed part mass (right) [71]. 

In [85], the effects of various printing speed on green density and surface roughness of 

shaped parts were investigated. Primarily, the authors noted that the printing speed was 

the dominant parameters affecting the indicators compared to extrusion temperature, 

extrusion multiplier and layer thickness.  
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Figure 2.33: Main effects plot of green density as a function of different process 

parameters [85].  

Additionally, the increase of printing speed from 20 to 100 mm/s drastically reduced the 

partial density of the green parts. Slow printing speed ensured a homogenous extrusion 

and deposition of the feedstock, minimizing the formation of large voids within the 

strands and between the consecutive layers deposited. Indeed, Figure 2.34 shows the 

deposited layers of parts printed with 20 and 100 mm/s. A larger amount of extrusion and 

printing voids can be depicted for to the samples fabricated with 100 mm/s nozzle speed.  

 

Figure 2.34: SEM images of the samples fabricated with varying nozzle speed 20 and 

100 mm/s (a and b) [85]. 

The layer height, or layer thickness, represents the height measured along the Z axis of 

each layer deposited during the printing process. The height of a layer is always less than 

the diameter of the extruder nozzle due to technical constraints and it has an impact on 

 

 

a) b) 
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both the green density and the surface quality of the parts realized by means of ME 

technology. Another indicator affected by the layer height is the total printing time. 

Despite the total extruded material corresponds to the same amount independently of the 

layer thickness chosen, smaller heights increase the number of deposited layers, 

impacting on the route of the nozzle and slowing down the printing process.  

 

Figure 2.35: Print time with varying the layer thickness [86]. 

Singh et al. [85] suggested that the smaller layer thickness improved the green density of 

the build part, since smaller dimensions reduced the size of the printing voids between 

the layers and induced shrinkage of the extrusion voids due to the pressure applied for the 

lateral spreading of material. In Figure 2.36, it is noticeable the worsening of the surface 

quality of samples printed with 0.05, 0.15 and 0.25 mm layer height due to the enhance 

of extrusion voids within the strands and printing porosity between adjacent layers.  

 

Figure 2.36:SEM images of the samples fabricated with varying layer thickness 0.05, 

0.15 and 0.25 mm (a–c)[85]. 

Diversely, in [75], no relevant impact was detected for the increase of the layer thickness 

on the density and the surface roughness of the green parts. Indeed, an analysis of variance 
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was conducted selecting a confidence interval of 0.05. The registered p-value of the layer 

height following the statistical analysis were 0.4 and 0.1 for the relative density and the 

surface roughness, respectively.   

 Godec et al. [87] related the variation of the layer height as input parameter and the 

mechanical properties of the fabricated green parts. As evident in Figure 2.37, the increase 

of the layer height from 0.1 to 0.3 mm improved the tensile strength and the tensile 

modulus of the samples. The increase of the layer thickness reduces the number of 

deposited layers. The interlayers region represents the weakest area of a sample, since 

there is discontinuity of material between strands, a reduced cross-section due to the 

introduction of voids and fracture mechanic-type stress concentrations. Therefore, these 

issues could be reduced by decreasing the number of deposited layers and, thus, 

heightening the layers size.  

  

a)  
b) 

Figure 2.37: 2D graph of the influence of layer thickness on tensile strength (a) and 

tensile modulus (b) (flow rate multiplier 110%, extrusion temperature 235 ◦C) [87]. 

Another crucial printing process parameters is the extrusion multiplier, which controls 

the volumetric flow rate of the extruded feedstock. A high value of the extrusion 

multiplier increases the flow rate, resulting in the increase of the lateral spread of the 

roads and in the reduction of air gaps due to the improved adhesion of the adjacent layers. 

An air gap represents the distance between two adjacent and consecutive depositions, as 

represented in Figure 2.38. The value of can be zero, positive or negative. In the case of 

zero air gap, the materials deposited side by side and are slightly in contact with each 
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other. If the value is positive, the extruder will deposit the material at a certain distance 

from the previous layer, resulting in an uncompact structure. An air gap with a negative 

value is generates a denser structure leading to an improvement of the  and needs certain 

mechanical characteristics of the component [88]. 

 

Figure 2.38: Air gap between two adjacent depositions [88]. 

The flow rate multiplier has a physical constraint on higher levels because the supply of 

excessive material through the nozzle can lead to its clogging. A clogged nozzle avoids a 

correct printing leading to void creation in the fabricated specimens. In [85], an 

improvement of the density of green parts was observed with the increase of the extrusion 

multiplier from 90% up to 150% (Figure 2.39).  

 

Figure 2.39: SEM images of the samples fabricated with varying extrusion multiplier 

90% and 150% (a and b) [85]. 

Similarly, Singh et al. [75] discovered the benefit of increasing the flow rate above 100% 

extrusion multiplier, which corresponds to the standard flow rate. Indeed, a 120% flow 

rate reduced the spacing between adjacent layers and lowered the porosity, resulting in a 

better green density. Besides, the extrusion multiplier emerged as the most critical factor 

based on ANOVA analysis. 

 

a) b) 
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Figure 2.40: Printing parameters affecting the quality ofMF3 samples. The influence of 

extrusion multiplier affecting the surface quality of ME samples [75]. 

Reducing the voids between deposited strands and the overall porosity of the structure, 

the flow rate multiplier parameters provided considerable benefits to the mechanical 

properties of green parts loaded with AISI 630 stainless steel particles [87].  

  

a)  b)  

Figure 2.41: 2D graphs of the influence of flow rate multiplier on tensile strength (a) 

and tensile modulus (b) (extrusion temperature 235 ◦C, layer thickness 0.20 mm) [87]. 

In [61], different samples made up of AISI 630 powder distributed in thermoplastic 

elastomer (TPE) and a polyolefin- based backbone mixture and were printed varying the 

flow rate of the extrusion head. Increasing the flow rate improved the coalescence 

between the printed strands, ensuring the quality of the green samples, especially for the 
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top view. However, the authors warned for the risk of blobs appearing on the surface of 

a shaped part when too much material is supplied.  

 

 

 

Figure 2.42: Bottom (a), top (b) and side (c) views of printed parts printed with flow 

rate of 100% (top), 150% (middle) and 200% (bottom) [61].  

Lastly, the raster angle or raster orientation consists of the deposition direction of the 

material with respect to one of the horizontal axes. In Figure 2.43, the most used raster 

orientation is graphically represented.  

 

Figure 2.43: Examples of different raster angles [89]. 

The relative movement between the extrusion head within the XY plane and the building 

platform can generate different shear gradients in the nozzle, resulting in variation in 
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density and defect generation in shaped parts due to anisotropy. Indeed, different shear 

gradients in the nozzle could align the anisotropic metallic fillers within the binder 

compound in the direction of the flow of the feedstock out of the nozzle. The alignment 

along a specific direction affects the green part quality due to warping, but also the 

sintered part since it could be affected by an orientation dependent shrinkage. Iyer et al. 

[90] evaluated the effect of dissimilar printing raster patterns of 0◦, 90◦, and +45◦/−45◦ 

on the adhesion behaviour of the deposited layers on the build plate. The authors 

demonstrated that the raster orientation had an influence on the printing quality, since the 

raster patterns of 0◦ or 90◦ led to warping of the built parts; while warpage was avoided 

when the cross-hatched pattern +45◦/−45◦ was employed. 

 

Figure 2.44: Schematic representation of warpage effects that result from: (a) 0° road 

vector strategy with all roads parallel, (b) 90° road vector strategy with all roads 

parallel, and (c) +45°/-45° vector strategy on alternating build layers [90].  

2.2.2 Debinding  

The debinding process aims to remove the polymeric binder away from the green part, 

without disrupting the printed shape. The result consists in a so-called “brown part”, 

which is a skeleton of metal powders embedded in a residual polymeric matrix. This 

process comprises two principal steps, considering the most commonly used multi-

component binder system. Firstly, a primary debinding step is applied to remove the 

primary binder (low molecular weight polymer), creating an interconnected pore path to 

enhance the removal of the backbone (high molecular weight polymer) during the second 

stage of the debinding [91]. A complete removal of the organic polymers should take 

place since a residual presence of carbon residues negatively affects the subsequent 

sintering process and affect the final quality of the sintered part. The backbone is a non-
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degraded element which confers sufficient strength and hold the shape of the part after 

the removal of the first binder. This remaining element is thermally removed within a 

final temperature range of 450 to 600°C. The perfect range of temperature should be 

chosen according to the thermal degradation temperature of both binder elements. In some 

cases, the secondary debinding step is substituted with a pre-sintering phase in the 

following thermal treatment.  

The debinding treatment is classifiable in 3 different techniques: thermal, solvent and 

catalytic [92]. The mere thermal process consists of the thermal degradation of the 

primary binders, which should coincide with an organic element. In this phase, the 

disassociation of polymers into smaller molecules or monomers, according to the type of 

selected polymer, and their evaporation out of the surface of the brown part occur. The 

chosen temperature for a proper debinding treatment should converge to the melting and 

degradation temperature, resulting from a thermogravimetry analysis. Besides, an 

evaluation of the thermal degradation speed should be also comprised in the selection of 

the debinding cycle. In Figure 2.45, an example of TGA curves for different polymers 

suitable as binder elements in air and nitrogen atmosphere is reported. Depolymerization 

type polymers (i.e. POM and PBMA) completed the thermal degradation in air before 

300 °C with a higher degradation speed, while random type polymers, such as PP and 

EVA, required higher temperatures and took longer [93]. 

 

Figure 2.45: TGA curves of different polymers in air (left) and nitrogen (right) 

atmosphere [93]. 

Andersen et al. [94] performed a thermal debinding on green parts made up of PP and 

316L SS powders. The cycle consisted of an increase of heating rate from 0.1 K/min to 

2.0 K/min between 20 °C and 650 °C. The solution used caused an anisotropic shrinkage 
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along the building direction compared to solvent debound samples and generated an 

excessive carbon content of 0.048%, which is slightly higher compared to the 

specification of 0.03 wt.% carbon for 316L stainless steel. Differently, Iyer et al. [90] 

proposed a two-step debinding cycle. Samples were first heated to 400 °C in nitrogen 

atmosphere, followed by an air cycle to complete the burn out of any residual binder. The 

initial stage was performed in a Al2O3 setter bed for the wicking of the polymeric material. 

A very low debinding cycle was selected to prevent any possible surface damage of the 

part. As a consequence, the relative long thermal debinding cycle, ranging from 10 to 60 

h [95], represents a relevant issue. The increase of the debinding temperature does not 

represent a valuable solution, since it increases the possible damage of surface bloating 

due to trapped vapour pressure in the core of the brown part. Over time, different solution 

has been added to thermal debinding to improve the efficiency of the process. The best 

solution was the integration of debinding and sintering in a one-step process, with the 

introduction of the vacuum atmosphere in the debinding step. During the process, a gas 

continues to flow in a chamber to remove binder vapours, which are condensed and 

collected within brown parts skins. After the complete removal of the binder, the sintering 

process could begin with the increase of the temperature. Since the physic principle still 

stand in thermal degradation, the debinding cycle is still very low.  

Another way to remove the binder system is to immerse the green part in a liquid solvent 

unit. A low temperature in the range of 50 to 60°C could be used to increase the 

interaction between primary binders and solvents, since the temperature improves the 

solubility and diffusion rate of the binder. In Figure 2.46 the percentage of mass loss of 

316L green parts during the solvent debinding with cyclohexane at different temperatures 

are plotted. Despite the selected temperature, an holding time of 12 h is required for the 

completion of binder extraction from the green parts. The lowest temperature (i.e. 23 °C) 

the total accomplishment of the debinding cycle [81].  
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Figure 2.46: Percentage of mass loss during solvent extraction of 316L parts [81]. 

Higher temperatures enhance the dissolution and diffusion of binder, as well as the shape 

and the distribution of the metal powder in the polymeric matrix. Indeed, smaller irregular 

particles create more surface contact points for the binder system and smaller pores 

between particles, decelerating the diffusion process of the solvent. However, the selected 

temperature for this debinding step should not exceed the evaporation limit of the solvent 

used and the degradation temperature of the main polymeric component. The elimination 

of at least one of the polymeric components concurs with the formation of channels, 

which will favour the subsequent backbone burnout. The solvent debinding is strictly 

dependent on the green part surface to volume ratio, since the solvent liquid should reach 

the core of the part during its penetration [67].  The typical type of agent used in a solvent 

debinding is an organic compound and acetone [96] and  cyclohexane [97] are the most 

commonly used. In addition, several studies [98,99] explored water as possible binder 

solvent. The main benefit of using water is the easiest handling compared to organic 

solvents. Polymers, which are soluble in water, should contain oxygen and nitrogen since 

these are hydrophilic elements. Some water soluble binders include polyethylene glycols, 

polyethylene oxide and polyacrylamide. The process can be accelerated by applying a 

heat source or a stirrer, resulting in heated [58] or agitated [100] water. This type of 

debinding is surely faster than thermal debinding since it takes around 6 to 10 hours. A 

further reduction of the total debinding time could be achieved by the combined 

application of solvent and thermal debinding. Catalytic debinding was firstly introduced 

and patented by BASF, especially for polyacetal-based binders such as 



 

63 

 

Polyoxymethylene (POM). The exposure of a green part to a catalyst with an adequate 

temperature enhances the decomposition of polymeric binders into monomers. The 

process begins at the surface of the part. As the monomers at the part surface evaporate, 

the creation of pore channels within the part occurs and the matrix beneath the surface is 

exposed to the acid vapour. This pattern intensifies the depolymerization process until the 

core of the structure is reached. The formation and removal of monomers decrease the 

total debinding time, since the small size of their molecules accelerated the rate of 

diffusion [101]. Besides, a capillary condensation is minimized since monomers have a 

high vapour pressure. This condition is also beneficial for thick part section with excellent 

part retention. Since it is a partial thermal process, a proper combination of temperature 

and catalytic concentration is fundamental in the selection of debinding rate. In general, 

the process is carried out below the melting point of the primary binder to avoid the 

formation of liquid phase and prevent the distortion of the shaped part. Besides, a low 

relative temperature allows a better control of the internal vapour pressure to minimize 

the formation and propagation of cracks within the part. Additionally, particular attention 

should be given to the set of temperatures also due to health risks. Polyacetal-based 

binders depolymerized catalytically with a direct solid to gas transition, realising 

formaldehyde. This gas is considered toxic and its concentration in the working 

environment should be kept under 20 mg/m3 and the allowable quantity should not exceed 

0.1 kg/h [102]. For this reason, the controlled catalytic debinding furnace should properly 

underwent a specific cycle consisting of a burn at 800 °C in oxidizing atmosphere to 

transform formaldehyde in water and carbon dioxide. [103]. The high molecular weight 

element should be removed with a subsequent secondary debinding or thermal debinding 

process, due to the fact that multicomponent binders, whose primary binder is a polyacetal 

based one, have a backbone polymer which does not decompose by means of a catalytic 

debinding.   

The debinding is the crucial step for the creation of sintered parts since most of defects 

can be generated by inadequate process.  In particular, the creation of a perfect porosity 

network for the removal of thermoplastic components during the debinding and/or pre 

sintering phases is fundamental. Bloating and surface cracking are generally caused by 

too high debinding rates, both during thermal and solvent processes. As evident in Figure 

2.47, bloating and partial cracking are visible on the surface of the sample, which partially 
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underwent a binder removal cycle. The evacuation of the vapour formed during the 

degradation of the polymer could generate bubbles on the surface of samples when the 

partial pressure of the trapped vapour is higher than atmospheric pressure, especially in 

areas rich in polymeric binders. This results in a partial loss of the brown part shapes at 

superficial level [77]. 

 

Figure 2.47: Bloating and partial cracking on surface sample [77]. 

Similarly, in [82] surface bloating appeared on brown parts with thick walls (6 mm). The 

elimination of this issue, generated during debinding step, was reached with the reduction 

of wall thickness to 2 mm. 

 

Figure 2.48: Thermal debinding of a 6mm thickness cylinder at heating rates of (a) 3 

°C/min, (b) 1 °C/min and (c) 0.2 °C/min in vacuum [104].  

Furthermore, large internal voids could be raised due to unproper debinding rates for the 

removal of the binder system. In Figure 2.49, it is noticeable the relationship between the 
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decrease of heating rates and the closure of porosity of sintered samples with a benefit of 

the final relative density [105].  

 

Figure 2.49: Cross section of sintered samples varying the heating rates during thermal 

debinding [105].  

2.2.3 Sintering 

Sintering consists of a heating process applied to metal powders to provide a full 

densification of a sample by bonding the particles into a solid. The sintering process is 

the fundamental stage of this multistep technology, since it ensures the proper physical 

and mechanical properties of metal samples. The optimal sintering conditions rely on the 

metallic materials used and particle size. Sintering is generally carried out within the 

range of 70 and 90 % of the melting temperature of the solid content [55]. Lower 

temperatures hinder the complete recrystallization process of the metal particles, while 

an excessive heating could lead to the melting point of the powders and even the swelling 

of the components. Nevertheless, liquid formation is a possible event during sintering 

cycles, but it is narrowed to less than about 15 wt.% liquid since higher amounts 

correspond to semi-solid casting processes.  

The basic process during sintering is the atomic motion, which is triggered when the 

temperature exceeds one half to two thirds of the melting temperature of the powder 

material. Atomic motion represents a loss of surface area and surface energy during 

sintering cycle. During heating at low temperatures, a contact formation between particles 

occurs. At this stage, a weak adhesive force bonds the particles together. The increase of 

heat generates necks growth, which corresponds to an initial bonding at low area particles 

contacts due to surface diffusion [106]. Figure 2.50 explains the phenomenon of two close 

particles bonding.  
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Figure 2.50: Schematic of the neck size X and the particle size D (assumed spherical) 

and neck saddle point curvature R during two particle sintering [106]. 

D represents the diameter of the spherical particles with a neck X in diameter. At the 

beginning of the process, the neck contour forms a concave shape opposing its radius and 

the circle of radius R. The smaller radius has a higher surface energy, leading to a capillary 

stress that induces the particles to pull together. This movement induces grain boundary 

formation in the neck due to random misalignment of adjacent crystals. These grain 

boundaries are the fundamental elements for subsequent shrinkage and densification. 

Indeed, the development of grain boundaries diffusion generates densification since 

atoms relocate into the pores from the contact plane between particles. These mechanisms 

enlarge the neck between particles and increase the strength of the powders. Besides, the 

bonding results also in shrinkage. Shrinkage enhances the progressive formation of 

further contacts (i.e., each particle has 5 to 6 touching particles) to bond the whole 

structure. Following the initial bonding, the growth of necks merge to form rounded pores 

and lastly the closure of the formed pores occurs, resulting in the reduction of porosity 

and the densification of the sintered structure [106]. 

 

  

  

Figure 2.51: Molecular dynamics simulation of sintering process [106].  
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Several parameters contribute to the success of a sintering cycle, such as peak 

temperature, hold time, heating rate, particle size, green density and process atmosphere. 

The peak temperature is a dominant parameter for the control of sintering process. High 

temperatures reduce sintering cycle time since atomic motion is enhanced with the 

increase of heating. Figure 2.52 shows that the highest level of densification of 42 μm 

titanium powders is ensured by a temperature of 1250 °C [107].  

 

Figure 2.52: Sintered density versus hold time for 42 μm titanium powder vacuum 

sintered at three temperatures [107]. 

Prolonged hold times also contributes to the densification, despite the dominant role of 

temperature. Indeed, a sufficient hold time is just required to ensure uniform heating at 

the peak temperature. However, an uncontrolled combination of peak temperature and 

holding times could lead to undesirable result in terms of relative sintered density and 

appropriate grain size to ensure the desired mechanical properties. Indeed, high sintering 

temperature and hold times lead to larger grain sizes, compared to the starting ones, due 

to grain growth. Besides, the coarsening of pores could be enhanced owing to vacancy or 

gas exchange, reducing the number of pores and their surface area. Figure 2.53 

demonstrates the loss of strength after 100 min of holding times, due to grain and pores 

coarsening [108].  
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Figure 2.53: Tensile strength as a function of sintering time [108]. 

Besides, high heating is associated with the increase of shrinkage, while shrinkage rate is 

slow with increasing hold times. This evidence in confirmed by the course of the plotted 

curves in Figure 2.54: the first slope, corresponding to the initial heating, is high, while 

shrinkage rate declines during the isothermal hold. Shrinkage occurs at the necks 

formation due to the closure of porosities and densification of the structure and generally 

stands within the range of 12 to 20%.  

 

Figure 2.54: Sintering shrinkage at various time-temperature combinations [106].  

Particle size influences other process parameters, since smaller particles require lower 

sintering temperatures and hold times. Figure 2.55 shows the negative relationship 

between the sintered density and the increase of particles size, because smaller powders 

have higher sintering stress and shorter diffusion rate enhancing the atomic motion 

process, which is necessary to reach the structure densification [109].  
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Figure 2.55: Sintered density as a function of the particle sizes [109]. 

Also, the density of the green parts has an impact on the sintering process. In general, the 

green density is enhanced by smooth. Besides, there is a linear relationship between green 

and sintered density: a lower green density generates a worse sintering process due to the 

lower amount of powder interface contacts. Indeed, it is simple to densify a high-

coordination number compact in term of atomic motion. Loose particles reach about six 

to seven contacts; while rounded powders could generate up to twelve contacts per 

particles, improving the sintering cycle. [15]. In Figure 2.56 it is exhibited the correlation 

between the green and sintered density for 0.5 μm alumina sintered at 1650°C [110]. 

Below 50% of green density, it is difficult to reach satisfactory value of sintered density.  

 

Figure 2.56: Dependency of green and sintered density for 0.5 μm alumina heated at 

5°C/min. to 1650°C for a 10 min. hold in air [110]. 
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The furnace atmosphere is another relevant sintering process parameters, which depends 

on material chemistry and highly influences the material properties. The most widespread 

furnace atmospheres are H2, N2, Ar and vacuum. Some alloys, such as Ti alloys, require 

specific atmosphere (i.e., Ar or vacuum), since they are reactive with carbon, oxygen, 

nitrogen and hydrogen. Even pressure could be applied during a cycle, but it increases the 

total time of sintering. A controlled cooling rate is necessary to ensure the proper 

mechanical properties of the sintered components, since during this final step occurs 

dissimilar phase transformation of the material [111]. A cooling phase in a protective 

atmosphere is preferred to avoid oxidation during sintering.  
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3 Physical and mechanical properties of sintered AISI 316L and 

AISI 630  

Among a discrete variety of alloys available for the manufacture of metal AM parts by 

means of Material Extrusion, AISI 316L and 630 stainless steels are the most widespread 

material used for different final applications. The advantageous combination of chemical- 

physical and mechanical properties of these two stainless steels and the good ease of 

processing and printability contributed to the extensive research, development and 

production of filaments loaded with AISI 316L and AISI 630 powders by industries and 

academic institutions.  

In this chapter a comprehensive literature review on the main achievements regarding the 

physical and the mechanical properties of AISI 316L and AISI 630 specimens shaped by 

means of metal ME will be presented. The physical properties, including the dimensional 

shrinkages and the final sintered density, give an account of the appearance and the 

dimensional accuracy of components made additively. Besides, acceptable values of 

shrinkage and sintered density ensure the minimization of external and internal defects of 

metal samples that might compromise the mechanical characteristics of the samples in 

exercise. Similarly, providing an adequate overview of the mechanical characterization 

of printed metal samples might extend their possible final applications, since mechanical 

properties comparable to those of the monolithic material or components fabricated by 

traditional manufacturing methods are a fundamental requirement for industries, 

especially for assembled engineering parts.  

3.1 AISI 316L  

AISI 316L is a chromium-nickel-molybdenum austenitic stainless steel. Austenitic 

stainless steels are characterised by a composition of 18% chromium, 8% nickel and 

carbon contents not exceeding 0.06%. The high percentage of chromium improves the 

resistance to corrosion and it is, therefore, essential to keep the carbon content below that 

threshold to prevent chromium from forming carbides by impoverishing the matrix and 

reducing its corrosion resistance. The typical structure of this type of steel is a cubic 

structure centered face [CFC] due to high content of austenitizing elements, such as nickel 

and this structure is maintained from high temperatures up to room temperature. 



 

72 

 

The austenitic structure does not allow the execution of tempering thermal treatments but 

guarantees high deformability in terms of machinability and weldability. The range of 

austenitic stainless steels currently on the market is distinguished by small variations in 

the percentages of nickel and chromium, affecting the mechanical properties and the 

corrosion resistance. Indeed, alloy 316L was developed to provide better corrosion 

resistance to alloy 304 and 304L in moderately corrosive environments [112]. The 

addition of molybdenum improves the overall corrosion and in particular the chloride 

pitting resistance. It also provides stress-to-rupture and tensile strength at elevated 

temperatures. In Figure 3.1 the chemical composition and the main mechanical properties 

of austenitic stainless steel grade 316L are reported [113].  

 

 

Figure 3.1: Chemical composition (top) and mechanical properties (bottom) of AISI 

316L material [113]. 

Diffused applications for 316L stainless steel comprise component parts for exhaust 

manifolds, heat exchangers, jet engine, pharmaceutical and photographic equipment, 

valve and pump, chemical processing equipment, tanks, and evaporators. Besides, it also 

widely used for any parts exposed to marine environments.  

3.1.1 Physical Properties 

An adequate analysis of the structural and mechanical characteristics of components 

printed by means of metal Material Extrusion is essential to assess the potential of this 

newly technology.  

The achievement of satisfactory level of final sintered density, as close as possible to the 

reference value of the relative conventional material, ensures the employment of these 

components in various manufacturing applications, even for critical and high value-added 

ones. Besides, a precise control of the volumetric shrinkage affecting the parts following 

the sintering process assists the design phase of the product development process. The 
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shrinkage of printed and sintered parts is an intrinsic issue strictly related to the multistep 

method; however, its prediction, also by means of simulative tools, can enhance the 

diffusion of the metal products shaped by ME, especially for the assembly phase.  

Gong et al. [114] compared the physical properties obtained by Selective Laser Melting 

(SLM) and metal Material Extrusion (ME) methods. The shaping phase performed with 

optimized printing process parameters (i.e., layer thickness of 0.2 mm, scan speed of 60 

mm/s, and extruder temperature of 235°C) ensured the fabrication of sintered parts with 

final density of 7.88 g/cm3, which corresponded to the 98.5% of the theoretical density of 

AISI 316L. Despite the satisfying level of density, a certain level of porosity was detected 

within the metal structure unlike the SLM process, which ensured a fully dense structure 

without apparent porosity. The difference of voids generation between the two additive 

technologies is also observable in Figure 3.2.  

 

Figure 3.2: Optical microscopy of ME SS 316L microstructure (after sintering) and 

SLM SS 316L microstructure along the growth direction [114]. 

In this research, an accuracy analysis of the shrinkage behaviour on different geometric 

features of interest (FOI) was proposed, indicating that the calculated shrinkages along z-

axis for the various FOI were on average higher than for the geometrical features in the 

xy plane. The author attributed the anisotropy in the shrinkage behaviour to the relevant 

influence of the gravity component on the metal samples during the sintering process.  

Otherwise, a different cause was attributed to the anisotropic linear shrinkage of the 316L 

samples in [115]. They printed dog-bone specimens with three different layer directions, 

as reported in Figure 3.3.  
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Figure 3.3: Schematic of different layer direction (W-, T-, L-specimens) [115]. 

Regardless of the building directions, specimens printed with the different configurations 

achieved similar relative density. The highest level of density was obtained by W-

specimen at a layer thickness of 0.1 mm with a percentage value of 92.9%. The reference 

value of sintered density was consistent with the density measured in [116]. In fact, a 

relative density of 92.23% with 7.77% of porosity was found. This level of porosity was 

confirmed by the pores chain formed and uniformly distributed throughout the cross-

section, which are visible in Figure 3.4. The formation of these large voids was attributed 

to the inefficiencies of the printing process.  

 

Figure 3.4: Optical microscopy of microstructure in ME 316L part [116]. 

The dimensional linear shrinkages exhibited notable anisotropy since the linear shrinkage 

was highest along the layer direction. Indeed, W-specimens had the highest shrinkage 

along the width direction, while T-specimens and L-specimens registered the highest 

shrinkage for thickness and length dimensions, respectively (Figure 3.5).  
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Figure 3.5: Linear shrinkage trends as a function of different layer orientation and 

layer thickness [115]. 

The green parts are characterized by oriented domain structure, which is attributed to the 

aggregate of the binder components. These domains were oriented perpendicularly to the 

building directions. The extrusion and deposition processes had a strong influence on the 

origin of the binder domains within the green parts. Indeed, a shear deformation of the 

deposited path occurred since the nozzle diameter is always greater than the layer height. 

Besides, the extrusion temperature higher than the melting point of the primary binder 

facilitated the orientation of the softened domain in the direction of the nozzle trajectory.  

This configuration of the metal/polymer matrix perpendicular to the layer direction 

increased the average metal particle distance in the building directions leading to higher 

dimensional linear shrinkage in the layer direction among all directions during sintering 

(Figure 3.6). Whenever the distance between two consecutive layers is too long, the 

sintering process could not succeed in the complete closure of channels, hence, the binder 

domain area would remain as voids. This phenomenon considerably affects the 

mechanical properties of sintered specimens with regard to both strength and ductility.  

  

Figure 3.6: The effects of the oriented binder domain on the shrinkage and the 

generation of voids [115]. 
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The reduction of the total weight of a printed component due to the decreasing of the infill 

percentage during the extrusion and deposition phases represents a massive advantage of 

the Additive Manufacturing technologies, considering the material savings for the 

products manufacturing. However, a variation of the infill degree affects the physical 

properties of sintered parts. Ait‑Mansour et al. [117] revealed a negative dependency 

between the theoretical infill degree and the relative sintered density of the specimens. 

Indeed, the increase of theorical infill level from 25% to 125% considerably improved 

the relative part density levels (Figure 3.7). On the contrary, varying the infill degree 

barely influenced the linear shrinkages within xy plane and along z direction, 

demonstrating that the volumetric shrinkage of metal parts printed via ME remain 

constant over changing the density levels.  

  

Figure 3.7: Relative part density (right) and shrinkage behaviour (left) varying 

theoretical infill levels [117].  

The sintering phase greatly influences the final physical process of printed parts, since 

different sintering parameters (e.g., peak temperature and holding time) generate various 

levels of porosity within the structure. The overall porosity defines the final value of 

densification of the products. Thompson et al. [104] correlated the final density of 

samples and the sintering parameters used (Figure 3.8). Higher sintering temperatures led 

to the highest level of densification of the samples, up to the 95% of the theoretical 

density. Also, higher holding times improved the sintered density, since the optimal 

densification was reached after 120 minutes, that was the longest time selected. Longer 

holding times did not change the final level of sintered density but led to the grain 

coarsening of the microstructure.  
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Figure 3.8: Evaluation of porosity for different sintering temperatures and times. [Black 

squares indicate measured porosities of sintered samples after thermal debinding at a 

heating rate of 0.3 °C/min. Red dots indicate measured sintered porosities after 

debinding at 0.2 °C/min] [104].  

3.1.2 Mechanical Properties  

The physical and structural properties of sintered specimens made additively differ from 

the conventional material, since the sintered density of parts are on average lower within 

the range from 2 to 8% compared to the relative parts fabricated via conventional 

technologies (e.g., subtractive or casting methods). The overall porosity distributed within 

the metal matrix plays a relevant role in the definition of the main physical properties and 

consequently a tight connection exists between porosity and mechanical characterization 

of sintered samples printed by means of ME. Indeed, the mechanical properties are 

negatively determined by the porosity and the layer connection, which are predominantly 

affected by the printing process.  

Damon et al. [118] studied the relationship between overall porosity and the mechanical 

behaviour as a function of different deposition strategy of the softened strands. The 

authors selected two unidirectional patterns parallel (H-L) and perpendicular (H-P) to the 

load direction, building three contour strategy. In Figure 3.9a, b, c, and d, the front and 

top views of the gauge length for the scanning strategies are shown. Regardless of the 

different scan strategy, the predominance of channel-like voids as main internal defects 

can be detected. The measured distance of these porosity channels was 0.32 mm, on 
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average. Since the selected layers width was 0.4 mm and a dimensional linear shrinkage 

of 20% owing to the sintering step was calculated, the porosity channels could be 

attributed to the adhesion issues among adjacent layers during the deposition of the 

strands. Thus, the architecture of overall porosity is dominated by the track-induced pore 

channels, generated by the printing process of Material Extrusion. More pronounced pore 

channels are evident for the longitudinal scan strategy (H-L), while fewer channels were 

found for the build direction oriented 90° with respect to the load direction. Accordingly, 

13 large pore channels clusters were detected for the longitudinal configuration, 

generating an overall porosity of 1.5%. Porosity values for H-P samples were relatively 

low in comparison to the other build direction with less than 0.5%, originated from 4 large 

pore channel clusters, as reported in Figure 3.9g, h. The shorter track length in the inner 

areas of the sintered specimens minimized the overall porosity, although a certain level 

of voids could be noticed within the metal matrix (Figure 3.9d, e).  
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a) b) 

  

c) d) 

  

e) f) 

Figure 3.9: 3D porosity: front view of H-L (a) and H-P(b); top view of H-L (c) and H-P 

(d); CT slice of H-L sample (e)and H-P samples (f); histogram for overall porosity of 

H-L samples (g) and H-P samples (h) [118].  
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g) h) 

Figure 3.9: Histogram for overall porosity of H-L samples (g) and H-P samples (h) [118]. 

The different morphologies of channel-like voids are fundamental key point for the 

following mechanical characteristics of the sintered specimens. Indeed, an anisotropic 

behaviour of the two types of specimens was prominent as the scan strategy generating 

the lowest level of overall porosity ensured the best mechanical performance as for 

ultimate tensile strength. The authors discovered a uniform trend for the strain at break of 

the different samples. All configurations led to an average value of elongation at break 

around 35%, since this characteristic is owed to a low notch sensitivity and therefore, 

converging to similar ductility values of all build orientations irrespective of porosity. 

Different studies analysed the effects of various building orientations on the main 

mechanical properties of sintered samples. The components in operations could be 

subjected to stresses along all directions. Therefore, the knowledge of the mechanical 

response as a function of the loading directions could aid the diffusion of metal 

components printed by means of ME in the manufacturing sectors. Caminero et al. [119] 

stated that flat and on-edge configurations specimens exhibited the highest values of yield 

strength, ultimate tensile strength and elongation at fracture with very little percentage 

difference, lower than 3%. On the contrary, the up-right configuration induced a brittle 

behaviour of the specimens with lower plastic deformation compared to On-edge and Flat 

orientations. This finding was supported by the microstructure of the sintered specimens 

in the three different configurations after the tensile loading. Indeed, the elongation of 

grains in the load direction and the shrink in the traverse direction reflected the plastic 

deformation that the material underwent. Flat and on-edge specimens exhibited similar 

severe deformations with an average grain size after deformation of 170 ± 25mm in length 

and 54 ± 11 mm in width. By contrast, the average grain size is 110 ± 20 mm in the load 
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direction and 70 ± 12mm in width direction. In this configuration, the sintered specimens 

failed prematurely at a lower strength with lower plastic deformation.  

  
 

 

   

 

Figure 3.10: Optical micrographs of the microstructure of the sintered samples with 

different build orientations after uniaxial tensile stretching [119]. 

Similar to the previous work, Kurose et al. [115] evaluated how the building direction 

could affect the mechanical characteristics of sintered specimens. The flat configuration 

(T-specimen) ensured the highest ultimate tensile strength with 453 MPa and the highest 

level of ductility with a value of strain at break of 48%, followed by the on-edge 

configuration (W-specimen). Besides, a layer thickness of 0.1 mm generated on average 

the best mechanical results compared to 0.3 mm layer thickness. The upright orientation 

(L-specimen) showed the worst UTS and elongation at break values (Figure 3.11).  

  

Figure 3.11: Ultimate strength (left) and strain at break (right) of the sintered parts 

printed in various layer directions and thicknesses [115].  

The fracture surfaces of the sintered specimens confirmed the different mechanical 

behaviour among the three different configurations. Typical ductile fracture surfaces 
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characterized by dimple patterns could be observed in both W- and T-specimens. On the 

other hand, a smooth surface area without the presence of dimples is noticeable within 

most of the facture surface of L-specimen. As demonstrated in the paragraph 3.1.1, the 

large number of voids in the upright orientation oriented perpendicular to the loading 

directions enhanced the crack initiation and the fracture propagation.  

 

a) b) c) 

Figure 3.12: SEM micrographs of fracture surfaces after tensile tests of W-specimen 

(a), T-specimen (b) and L-specimen (c) printed in a layer thicknesses in 0.1 mm [115]. 

In [117], compressive behaviour of 316L samples was studied varying the theoretical 

infill percentage within the external perimeter, suggesting that compressive stress 

increased with the infill degrees. Indeed, comparing theoretical infill of 25 and 125%, the 

compressive stresses at 20% strain improved from 152.32 ± 3.73 to 667.62 ± 15.03 MPa, 

with a positive deviation of 77%. Yield strength did not experience a linear increase with 

the theorical infill percentage, as for compressive stresses at 20% strain. The difference 

between 25 and 125% infill degree settled around 31%, which was a value significantly 

lower compared to the difference registered for the compressive stresses. The lowest 

levels of theoretical infills prevented the achievement of higher stress levels due to the 

rapid crack formation and propagation within their internal structures during the 

compressive loading.  
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Figure 3.13: Compressive stress and strain varying infill levels [117]. 

AISI 316L stainless steel is not hardenable by heat treatment, as occur for precipitation 

hardening alloys, since the material does not undergo any phase transition in 

correspondence with the critical points Ac1 and Ac3. Nevertheless, work hardening 

considerably improves the strength and hardness of the AISI 316L products. Wang et al. 

[120] performed hot isostatic pressing (HIP) sintering to improve the mechanical 

properties of AISI 316L parts printed by means of Material Extrusion. The enhancement 

of tensile properties resulted from the closure of the pores owing to the HIP process. In 

Figure 3.14, the distributed porosity of green part, ordinary sintered sample and HIP 

sintered samples are plotted, showing a considerable reduction of 7.5% due to the 

ordinary debinding and sintering thermal treatment. Despite this improvement, horizontal 

pores chains were still visible along the building direction of the specimens. The 

application of HIP sintering led to a total amount of 0.3 vol.% of porosity.  
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Figure 3.14: Micro CT porosity analysis (a) As-built green part, (b) Ordinary sintered 

part, and (c) HIP sintered part [120].  

The overall reduction of voids within the internal metal matrix enhanced the ultimate 

tensile strength of HIP sintered samples, reaching a value of 540 MPa, which corresponds 

to a 35% increase as compared with ordinary sintered samples (Figure 3.15). 

 

Figure 3.15: Engineering stress – strain curves for sintering and HIP sintering samples 

with fractography [120]. 
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3.2 AISI 630  

AISI 630 is a martensitic stainless steel. Martensitic stainless steels are similar to iron-

carbon alloys that are austenitized, hardened by quenching and tempered for increased 

ductility and toughness. The typical structure of martensitic steel is body-centered 

tetragonal [BCT] providing magnetic properties. The strength obtained by heat treatment 

depends on the carbon content of the alloy. Increasing carbon content enhances strength 

but decreases ductility and toughness. 

Different austenitizing elements as Molybdenum can be added to martensitic structure to 

improve corrosion and toughness properties. Nickel prevents the excessive free ferrite 

formation due to the higher chromium contents which are used to improve corrosion 

resistance. An excessive amount of austenitizing elements could lead to the formation of 

a microstructure that is not fully martensitic. AISI 630 steel are also known as 17-4PH 

steel, where the acronym PH (“precipitation hardening”) indicates the aging processes to 

which these steels can be subjected to improve certain characteristics according to the 

temperature at which the treatment is carried out. The precipitation hardening mechanism 

is a thermal treatment that allows the improvement of the mechanical properties and 

hardness of the steel, owing to the reduction of the motion of the dislocations present in 

the crystal lattice. The prevention of the dislocations movement is provided by the 

dispersion of precipitates in the form of nano-meter sized particles within the metal 

matrix. The precipitation occurs with single phase alloy at elevated temperatures, which 

facilitates the formation of a second phase within the matrix on cooling. The precipitation 

hardening mechanism consists of the three subsequent steps. Firstly, a solution heat 

treatment is applied at high temperatures within the range of 980° to 1065°C to allow any 

precipitates to dissolve or go into supersaturated solution. Following the heating, a 

cooling up to room temperature is performed. The cooling rate should be high enough to 

obtain a supersaturated solid solution. The last phase concerns the maintenance of the 

supersaturated solid solution for a sufficiently long time at room temperature (natural 

aging), or by heating the material to a temperature below the Solvus line for a few hours 

(artificial aging) provoking the precipitation mechanism. The supersaturated solid 

solution decomposes to form small precipitate clusters strengthening the material [121]. 

The increase of temperature enhances the tensile and yield properties up to a maximum, 

and then drop off dramatically. As these properties begin to decline with increasing 
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temperature, the elongation starts to increase, representing the so called “over-aging” 

condition. Over-aging occurs as the particles that caused the increase in strength continue 

to grow in size and they coarsen and sequentially cause a decrease in the hardness with a 

corresponding increase in elongation (Figure 3.16).  

 

Figure 3.16: Aging time versus Vickers hardness for various temperatures [122]. 

Concerning AISI 630, it is a chromium-nickel-copper precipitation hardening stainless 

steel used for applications requiring high strength and a moderate level of corrosion 

resistance. The precipitation hardening mechanism for this alloy starts with the heating 

within the range of 1040 °C to 1066 °C, obtaining the annealed condition. The matrix 

structure following the solution treatment is martensitic and it is strengthened by a low 

temperature treatment which precipitates a copper containing phase in the alloy. The 

process is conducted at a temperature in the range 482°C to 621°C depending on the 

combination of strength and toughness desired. In Figure 3.17, the different combinations 

of heat treatments and the mechanical characteristics generated are reported [123].  
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Figure 3.17: Different aging solution and aging treatment and the resulting mechanical 

characteristics [123]. 

AISI 630 alloy is generally used in the aeronautical and aerospace, naval, chemical and 

petrochemical and in the energy sector for the realization of components characterized by 

high resistance mechanical and corrosion such as valves, shafts, bearings, turbine blades 

and compressors.  
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3.2.1 Physical Properties  

The material extrusion process generated parts with final physical properties that differs 

from the monolithic AISI 630 material. Irregular shaped pores characterize the structure 

of sintered specimens lowering their final density. The voids pattern induced during the 

deposition process and favoured in the debinding phase might also influence the 

shrinkage behaviour during the sintering according to the print direction selected.  

Suwanpreecha et al. [124] analysed the main structural properties of AISI 630 printed 

with different print orientations as a function of the voids generated within the metal 

matrix. Macrograph defects can be detected observing the sintered samples with flat, side 

and vertical layout (Figure 3.18).  

 

Figure 3.18: Macrograph of sintered tensile specimens printed in the flat layout (top), 

the side layout (middle) and the vertical layout (bottom) [124].  

The flat layout specimen appeared as defect free surface. The side orientation induced a 

slight discontinuity among layers; besides, warpage at the ends of specimens can be 

detected resulting from shrinkage of the polymeric binder. Unlike the previous 

orientation, the specimen printed with the vertical layout presented significant surface 

defects in terms of layers discontinuity at both grips and gauge length. Different 

orientation generated dissimilar voids pattern affecting the sintered density of the 

specimens. Considering the flat layout, triangular shaped voids characterized the metal 

matrix with an average area of 148 µm2, which was definitely smaller compared to the 

average area voids in the side layout (i.e., 443 µm2). The worse situation occurred for the 

specimens with the vertical layout, since incomplete fusion channels corresponding to the 

perimeter of the specimen infill were detectable. However, there is no significant 

difference in microstructure and grain size after sintering in specimens with different 
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specimen layouts. The dissimilarities associated with the samples orientation and the 

characteristics of voids generated affected also the final sintered density. The flat layout 

specimens, which had the lowest level of porosity, registered the highest value of density 

with an average value of 98.61 ± 0.16 g/cm3. On the contrary, the vertical layout provoked 

the worst sintered density owing to the increase of porosity and the delamination among 

layers.  

 

 

 

 

 

 

 

Figure 3.19: Optical macrographs of sintered specimens in the flat layout (a), the side 

layout (b), the vertical layout (c); SEM micrographs, focusing on the voids between 

perimeter wall area of sintered tensile specimens printed in the flat layout (d), the side 

layout (e), and the vertical layout (f) [124]. 
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In a similar research [125], the authors evaluated the shrinkage behaviour by varying the 

layer directions of the specimens with respect to the building directions. Despite the 

orientation of the specimens, the authors confirmed the anisotropic tendency of the 

shrinkage. Besides, the highest value of linear shrinkage always occurred in the layer 

direction than in other directions, as shown in Figure 3.20.  

 

 

Figure 3.20: Linear shrinkage of the sintered specimens printed in various layer 

directions [125]. 

The anisotropy of the linear shrinkage is attributable to the extrusion and deposition 

process. Indeed, the binder domain was oriented parallel to the nozzle-moving direction 

(perpendicular to the building direction) since the deposited material was deformed by 

shearing between the moving nozzle and the previous layer. The large voids formed 

during the debinding process could not be closed by the sintering phase. As a result, the 

sintered specimens exhibited pores patterns perpendicular to the building direction, 

increasing the linear shrinkage in that direction. In Figure 3.21 it is noticeable the voids 

formed by the debinding of large organic binder domains and remained in the sintered L-

specimens. 
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Figure 3.21: SEM micrographs of cross-sections of the as-sintered specimens observed 

perpendicular to the thicknesses of the L-specimen [125]. 

The solution and aging treatments affect the final physical properties and the 

microstructure of AISI 630 ME samples. The relative sintered densities improved by the 

application of heat treatments with the exception of specimens printed on the flat side in 

[125] (Figure 3.22).  

 

Figure 3.22: Relative densities of the sintered and aged specimens printed in various 

layer directions [125]. 

Condruz et al. [126] conducted a microstructural analysis with the combination of SEM 

images and EDS to denote any difference between the phases presented in as-printed and 

as-aged specimens. As exhibited in Figure 3.23, in the as-printed state were observed 

martensite and ferrite. The solution treatment favoured the formation of retained austenite 

at the grain boundaries. Lastly a difference of microstructure was detected in the as aged, 

since ferrite phases were encountered along with austenite at the grain boundaries, in 
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addition to martensite, which is the characterizing phase of AISI 630 material in quenched 

and tempered state. 

 

 

 

Figure 3.23: SEM image of AISI 630 sintered (top), quenched (middle) and aged 

(bottom) specimens [126].  

3.2.2 Mechanical Properties  

As reported in the previous section regarding the mechanical characterization of 316L 

ME specimens, ME process combined with subsequent debinding and sintering thermal 

treatments worsened the mechanical properties of AISI 630 specimens. Gonzalez-

Gutierrez et al. [127] tested sintered dog-bone specimens with an average porosity of 4% 

to assess the relative tensile properties. The ultimate tensile stress (UTS) was lower than 

34% compared to the value of the monolithic AISI 630. A smaller deviation from the bulk 

material was detected for the elongation at break.  
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Henry et al. [128] assessed the tensile behaviour of AISI 630 ME specimens as a function 

of dissimilar building orientation by means of a Digital Image Correlation (DIC) analysis. 

The highest value of UTS was registered for the specimens printed on xy plane. This 

configuration also ensured the maximum axial strain in comparison to on-edge and 

upright directions, as reported in figure. In all three cases (i.e., flat, on-edge and upright 

build orientations) the material failure arose in the gauge section at a location of axial 

strain concentration aligned perpendicular to the loading direction [128].  

   

Figure 3.24: Axial strain field data for different loading conditions [128]. 

In [129], the bending behaviour of specimens made additively varying the build 

orientation was studied. The sintered specimens printed with flat and on-edge orientations 

exhibited a ductile behaviour compared to upright ones, which exhibited very limited 

plasticity with the lowest flexural strength and strain to failure, due to incomplete weld 

between two adjacent layers resulting in delamination and discontinuity issues.  The 

flexural strength of the flat orientation is 22% and 92% higher than the on-edge and 

upright orientations, respectively. However, the on-edge orientation provides higher 

flexural strain to failure.  
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Figure 3.25: Flexural stress – strain curves varying build orientations (a); average 

flexural strength and strain to failure varying build orientations (b) [129]. 

This behaviour reflected the correlation between the voids positioning within the metal 

matrix and the loading direction. Indeed, the orientation of the voids in the on-edge layout 

induced the vertical printed layers to overflow up – layer sliding upwards, resulting in a 

considerable deformed specimen with a curve trapezoidal shape owing to the Poisson’s 

effect [130].  The Poisson’s effect generates a tensile stress state in the upper half and a 

compressive stress state in the bottom side. Both tensile and compressive stresses increase 

further away from the neutral axis (i.e., the center line of the specimen). Consequently, 

the sides of the specimen tend to laterally expand in the upper half and laterally shrink in 

the lower half. The sliding upwards of the layers provided a greater overwhelming effect 

on the on-edge specimens, leading to a higher bending strain with a lower bending 

strength compared to the flat orientation (Figure 3.26). 
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Figure 3.26: Fracture surface of sintered samples at low magnification with flat (a) and 

on-edge (b) orientations; high magnification of the fracture surface with flat (d) and on-

edge (e) orientations corresponding to the red-dashed boxes [129]. 

Akindi et al. [131] studied the effects of printing angles variation on the tensile properties 

of sintered samples. The authors suggested the use of orientation angles within the range 

of 0° to 10° to achieve significant results in terms of tensile strength and ductility. The 

voids in the sintered specimens were oriented perpendicularly to the layer direction, 

despite the part orientation selected. However, the voids had a different orientation 

regarding the tensile direction for specimens printed with 0° and 90° with respect to the 

building platform. Indeed, the voids were oriented parallel to the tensile direction in the 

specimens with orientation angle of 0°, but perpendicular to the tensile direction in the 

samples with 90° printing angle. The voids in the second configuration were sensitive 

crack sites and the origin of fracture, lowering the values of UTS and elongation at break. 

Specimens printed at 0° to the build plate experienced an average of 947.26 MPa of 

ultimate tensile strength and 2.98% of elongation at break, while specimens printed at 90° 

showed a decrease of tensile strength close to 50% and almost 4 times lower elongation 

at break, compared to specimens flat printed. Besides, less anisotropic trend was 

detectable for yield strength of specimens printed with different orientation angles.  
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Figure 3.27: Tensile stress at maximum load, tensile stress at yield and elongation at 

break histograms as a function of different printing angles [131]. 

A correlation between the mechanical properties as a function of the printing angles and 

the voids formation within the specimens was detected by the authors. As evident in 

Figure 3.28, at 0° printing angle the pores had a triangular shape with a relatively small 

areas and they were spatially separated from each other. With the increase of printing 

angles, the voids shapes changed into line or rectangular and became spatially connected 

reducing the effective cross section of the specimens and providing sites for crack 

initiation.  
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Figure 3.28: Cross section view of the fracture surface without undergoing tensile test 

at 0° (a) and 90° (j) printing angles [131]. 

The use of post-sintering heat treatment to improve the mechanical characteristic of the 

sintered parts is gaining significant attention. Indeed, the artificial aging after solution 

treatment was proved to enhance the mechanical properties in terms of strength due to the  

generation of refined Ɛ-Cu precipitates with a size of 5–10 nm [132]. The formation of 

nanoscale Cu precipitates within the martensite structure prevents dislocation movements 

strengthening the tensile strength of AISI 630 specimens manufactured by material 

extrusion method. In [125], the authors proved the advantages of the precipitation aging 

mechanism for the tensile strength of the material regardless the build orientation selected 

for the specimens. Diversely, the artificial aging worsened the ductility of the specimens 

with a deviation of almost 40% compared to the bulk material for the aged specimens flat 

printed (Figure 3.29).  
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Figure 3.29: Ultimate strength and strain at break of the sintered and aged specimens 

printed in various layer directions [125]. 

Bouaziz et al. [133] confirmed the enhancement of the tensile properties of heat treated 

AISI 630 samples by 16%. Indeed, the H900 treatment improved the ultimate net section 

strength from 700 to 825 MPa, without any significant reduction of the ductile property 

of heat treated specimens. In this research the effects of H900 heat treatment on the 

surface roughness of samples was inspected. The artificial aging slightly deteriorated the 

surface roughness with an increase of Ra from 4.1 ± 0.3 μm to 4.6 ± 0.1 μm (Figure 3.30). 

The negligible worsening of surface roughness did not affect the mechanical properties 

of H900 samples.  

 

Figure 3.30: Roughness profiles and corresponding arithmetic mean roughness (Ra) of 

sintered and H900 treated samples [133].  

Similarly to precipitation hardening treatments, Chemkhi et al. [134] applied surface 

mechanical post treatment (SMAT) to improve surface and mechanical properties of AISI 

630 samples fabricated by means of material extrusion technique. Surface Mechanical 

Attrition Treatment provides the vibration of metal spheres using a high frequency 

ultrasonic generator. The vibration of spherical balls induces hardening on the surface 

induced by plastic deformation, as illustrated in Figure 3.31.  
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Figure 3.31: Schematic of SMAT set-up [134].  

The attrition between spherical balls and the samples surfaces considerably reduced the 

surface roughness. Indeed, a reduction of almost 90% was calculated both for Ra and Rt 

surface roughness parameters. Since rough profiles of metal ME samples induce stress 

concentration and become sites for crack initiation, the reduction of peaks and valleys on 

the surface gave benefit also to the mechanical properties of the printed specimens. As 

shown in Figure 3.32, the net section stresses for equal engineering strain were higher for 

mechanically post treated samples, with a maximum value of 774 MPa. However, SMAT 

slightly reduced the final elongation of the treated samples.  

 

Figure 3.32: Net section stress – engineering strain curves of sintered and SMAT 

specimens [134].  
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3.3 Research Issues  

This work aims to study and assess a newly Additive Manufacturing technology from the 

physical and mechanical point of view and study in deep the applicability of metal 

Material Extrusion technique in the manufacturing industries. This work was jointly 

developed within the collaboration between University of Bergamo and ENEA Portici 

Research Center.  

Metal Material Extrusion is a multistep technique that comprises different processes 

including debinding and sintering thermal treatments. In literature, many efforts have 

been made to establish a relationship between debinding and sintering processes and the 

physical characterization of the metal parts. In addition to post shaping treatments, the 

dependency of the solid loading and the final sintered density has been extensively 

reviewed. Indeed, the process considered implies the loading of metal powder in a binder 

compound, which is extruded by means of printing machine traditionally born for 

polymeric materials.  

The first objective of this work covers, thus, the analysis of how different combinations 

of printing process parameters affect the physical properties of AISI 316L samples 

manufactured by means of metal ME. In particular, the effort focuses on the optimization 

of the process parameters to achieve the highest relative density of the metal samples, 

compared to the conventional density of the relative material. Besides, also the response 

of the dimensional linear shrinkages to the variation in the printing process has been 

widely analysed. Lastly, a porosity evaluation was carried out on samples printed with 

different process parameters to estimate the dependency between the extrusion and 

deposition phases and the set of defects generated in the shaping step.  

Once it has been established the combination of printing process parameters that 

maximize the final density of sintered samples, an overall mechanical characterization of 

metal ME samples was conducted. The optimized combination was used to print the test 

samples and AISI 316L was selected due to its interesting combination of mechanical and 

corrosive properties. These characteristics allow a large use of AISI 316L in different 

manufacturing sectors. For this reason, thorough knowledge of the mechanical response 

of ME components made up of with this alloy is essential to expand its application beyond 

the mere prototyping phase. Tensile tests, compression tests, Charpy impact tests, 

Rockwell B and Vickers hardness tests were performed. Besides, an X-ray diffraction 
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analysis was conducted to assess the crystallographic structure of the ME 316L samples 

compared to that of the monolithic material.  

In this research, another metal alloy was considered to verify the technical feasibility of 

the technology analysed. AISI 630, also commercially known as 17-4PH, is a 

precipitation hardening stainless steel. This martensitic stainless steel is well diffused in 

dissimilar manufacturing sectors, since thermal treatments considerably improve the 

mechanical response to applied loads. This section provides a comprehensive structural 

characterization to establish the combination of process parameters ensuring the highest 

relative density compared to the conventional one. This analysis was carried out by means 

of a Taguchi DoE and a statistical analysis. Based on the physical properties outlined, 

specimens for dissimilar mechanical tests were printed with the optimized combination 

of printing process parameters. In literature, little knowledge about the effects of different 

solution and aging treatments on metal specimens obtained via Material Extrusion 

technique is available. To fill this gap, sintered samples were subjected to H900 (peak-

aged) and H1150 (over-aged) thermal treatments and, subsequently, to tensile, 

compressive, bending and Vickers hardness tests. One of the most important goals of this 

research was the evaluation of the mechanical properties of sintered samples following 

post sintering thermal treatments compared to those of the monolithic material.  

The physical and mechanical characterization of sintered ME samples made up of AISI 

316L and 630 proved that this newly technique represents a valid and robust alternative 

to more spread and used metal AM technologies, such as Powder Bed Fusion or Direct 

Energy Deposition. However, metal ME is still immature from a process perspective 

generating a considerable amount of defects within the green parts. Defected green parts 

result in scraps, which represent an environmental and economic waste. The negative 

impact of internal and superficial defects could undermine the economic advantage of 

metal ME technique with respect to traditional metal AM technology to produce metal 

components. To minimize this possibility, a recycling methodology was proposed for 

reusing scraped green parts to produce a new highly filled filament. Furthermore, a 

preliminary analysis was provided to evaluate the technical effectiveness of the proposed 

method. A comparison among the filaments, the green parts and the sintered parts realized 

with commercial and recycled feedstock was provided. This contribution represents a 

novelty, since any similar work was available in literature.   
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4 Density and shrinkage evaluation of AISI 316L parts printed via 

FDM process 

This chapter is derived from the article “Quarto, M.; Carminati, M.; D’Urso, G (2021). 

Density and shrinkage evaluation of AISI 316L parts printed via FDM process. Materials 

and Manufacturing Processes”. 

DOI: 10.1080/10426914.2021.1905830. 

I am immensely grateful to the support received from my co-authors. I am responsible for 

all the changes in this chapter with respect to the published version. 

4.1 Introduction  

As reported in the previous chapters, the development and the spread of metal Material 

Extrusion technique necessary involves the study and the analysis of the main relevant 

indicators of the physical properties of sintered samples.  

The literature review illustrated in paragraph 3.1.1 showed the correlation among 

different printing orientation (i.e., flat, on edge and upright) and dissimilar sintering 

conditions in terms of peak temperatures and holding times with final sintered density 

and dimensional linear shrinkages. However, few studies concentrated the effort on the 

interaction between the printing process, consisting of the extrusion and deposition phase, 

and the physical properties of specimens resulting following the debinding and sintering 

steps.  

In this chapter, some of the main relevant parameters of metal ME printing process were 

analysed by means of an analysis of variance (ANOVA) to verify their possible influence 

on the physical and dimensional response of the produced parts. This study aims to 

identify which factors affect the final AM products in terms of shrinkage percentage along 

X, Y and Z directions and bulk density (𝜌𝐵𝑢𝑙𝑘).  

Moreover, the optimal process parameters combination assuring a density value as close 

as possible to the traditional material were identified. The experimental tests were carried 

out on prisms printed with a low-cost 3D printer and using a metal-polymer composite 

filament. Once it is defined if the selected process parameters affect in some way the 

indicators, it is possible to identify the specific values of the shrinkage useful to oversizing 

CAD models.  
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In the same way, it is possible to set-up the process parameters in order to obtain a 

satisfactory density. The novelty of this work is related to the possibility to produce parts 

for non-critical environment with high value added by means of a low-cost equipment. 

4.2 Materials and methods 

4.2.1 Equipment and materials 

The test samples were fabricated by means of an Ultimaker S5 printer, using a filament 

with a diameter of 2.85 mm provided by BASF and called Ultrafuse 316L. It is an 

innovative metal filament made up of 316L austenitic stainless-steel powder (90 wt%), 

characterized by high ductility and corrosion resistance, and polyoxymethylene (POM), 

polyolefin, which allows for easy printing. The direct drive extruder of the printer was 

equipped with a hardened steel nozzle CC0.6 (supplied by Ultimaker) with a diameter of 

0.6 mm. Its main properties are reported in Figure 4.1a, where they are compared to those 

of monolithic AISI 316L. Once the samples were printed, the main polymer content 

(primary binder, i.e., polyoxymethylene) was removed from the so-called green-part 

through a catalytic debinding process at 120 °C, obtaining the brown-part, consisting of 

pure metal particles and a residual binder (backbone). The brown-part was characterized 

by the same volume and a reduction in mass with respect to the green-part. The sub-

sequent sintering process at temperatures immediately below the melting temperature of 

the metal allowed to remove the secondary binder from the brown-part and to sinter the 

metal particles, so filling the cavities left by the binder. The sintering cycle consisted in 

two ramps at high temperatures with two different holding times which allow to reach the 

final physical and mechanical characteristics of the parts, generating a volume reduction 

described by the shrinkage percentages. Further details could not be provided since the 

post-shaping processes instructions are confidential. The material reaches its final 

properties in terms of hardness, strength and ductility after the sintering phase. These 

treatments were performed by an external company.  

4.2.2 Plan of experiments 

The geometry chosen for the samples is very simple (prism as it is possible to see in 

Figure 4.1c), since, at this stage of the study, the analysis was focused on the identification 
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of the main behavior of this material and the ability of a commercial 3D printer to print 

composite materials producing metal parts with a simple and low-cost technology. The 

experimental campaign was conducted on the base of a 24 full factorial design of 

experiments (DoE) varying the nozzle temperature (𝑇𝑛𝑜𝑧𝑧𝑙𝑒), the infill type (𝐼𝑛), the print 

speed (𝑠) and the layer thickness (ℎ) on 2 levels (low and high). 4 repetitions were 

considered for each combination of the process parameters. The infill density was set at 

a constant level of 100%, since the aim of the experimental campaign was to achieve a 

final 𝜌𝐵𝑢𝑙𝑘 of the specimens as close as possible to the value of technical datasheet of 

AISI 316L. A bed temperature of 100 °C was applied to enhance the bonding of the first 

layer and to avoid the warpage of the samples. The dimensional (shrinkage) and physical 

properties (density) of the fabricated samples were measured to identify if and how they 

are related to the printing process parameters. The levels of the different factors were 

chosen on the base of the following considerations. The nozzle temperature (𝑇𝑛𝑜𝑧𝑧𝑙𝑒) is a 

critical parameter that affects the success of the extrusion process. 𝑇𝑛𝑜𝑧𝑧𝑙𝑒 above the 

melting point of binders is recommended to reduce the viscosity of the filament and to 

enable the extrusion. 𝐼𝑛 represents the trajectory of the nozzle while filling the internal 

volume of the parts. Table 4.1 shows the 24 factorial plan displaying the combination of 

process parameters for each sample. Figure 4.1b shows the two types of infill pattern used 

to produce the layers of samples. 𝑠 refers to the speed of the extruder movement and ℎ 

represents the height of the single deposited layer. This last parameter affects the quality 

of the parts along the growth direction (Z). The low and high levels of each considered 

parameter were selected by means of preliminary tests aimed at defining a technological 

window in which it was possible to print the selected material. Their values are reported 

in Figure 4.1a.  
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Figure 4.1: Details about process and methodology and different aspects of samples 

printed with different set of process parameters (in particular layer thickness).  
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Table 4.1: Design of experiments: sample identification and process parameters 

combinations. 

Samples Tnozzle In s h 

1 – 17 - 33 - 49 170 Line 20 0.1 

2 – 18 – 34 - 50 240 Line 20 0.1 

3 – 19 – 35 - 51 170 Wall 20 0.1 

4 – 20 – 36 – 52 240 Wall 20 0.1 

5 – 21 – 37 - 53 170 Line 50 0.1 

6 – 22 – 38 – 54 240 Line 50 0.1 

7 – 23 – 39 – 55 170 Wall 50 0.1 

8 – 24 – 40 – 56 240 Wall 50 0.1 

9 – 25 – 41 – 57 170 Line 20 0.4 

10 – 26 – 42 – 58 240 Line 20 0.4 

11 – 27 – 43 – 59 170 Wall 20 0.4 

12 – 28 – 44 – 60 240 Wall 20 0.4 

13 – 29 – 45 – 61 170 Line 50 0.4 

14 – 30 – 46 – 62 240 Line 50 0.4 

15 – 31 – 47 – 63 170 Wall 50 0.4 

16 – 32 – 48 - 64 240 Wall 50 0.4 

4.2.3 Shrinkage and density measurement 

The printed samples were measured by a CMM (Zeiss O-Inspect) obtaining values along 

X, Y, and Z – directions. The measurements were performed both for green-parts and for 

samples after debinding and sintering processes. In this way, it was possible to calculate 

the dimensions and the volume of the samples before and after the thermal treatments. 

The measurements were performed in an automatic way using a touching probe. Once all 
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the plans were scanned by the probe, the software estimated the distance between the 

reconstructed plans and the sample volume. The measurements were repeated three times 

to ensure the accuracy of the procedure and to avoid random errors in measurements 

(positioning errors, movement of samples on the CMM). Then, the average values were 

used as reference values for the analysis.  

The shrinkage due to the debinding and sintering processes was calculated as the 

percentage dimension reduction along the three directions according to Eq. (1). 

𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒𝑖 =
(𝐷𝑔𝑝𝑖

− 𝐷𝑝𝑝𝑖
) ∙ 100

𝐷𝑔𝑝𝑖

 
(1) 

Where 𝑖 indicates the dimension (X, Y, Z), 𝐷𝑔𝑝 and  𝐷𝑝𝑝 refer to the dimension of the 

green-part and the post-processing parts respectively.  

The bulk density (𝜌𝑏𝑢𝑙𝑘) was calculated only for the samples obtained after thermal 

processes as the ratio between the weight and the volume of the sample (2). In particular, 

the theoretical volume (𝑉𝑡ℎ𝑒𝑜) is related to the volume of the sample after thermal 

treatments calculated using the dimensions estimated through the CMM and 𝑤 indicates 

the post processing weight measured using a precision balance. 

𝜌𝑏𝑢𝑙𝑘 =
𝑤[𝑔]

𝑉𝑡ℎ𝑒𝑜[𝑐𝑚3]
 

(2) 

4.2.4 Porosity evaluation 

The metal ME process can produce parts characterized by the presence of porosity into 

the internal structure; for this reason, the bulk density was compared with the density of 

monolithic AISI 316L (𝜌𝐴𝐼𝑆𝐼 = 8 𝑔/𝑐𝑚3) and the amount of opened and closed porosity 

were estimated through a method based on the evaluation of liquid penetration. 

The sample was first weighed in air (𝑚1) before being immersed in a wetting liquid (1-

butanol) for 24 h to fill open porosity. Then, the sample was taken out of the solvent and 

its surface was quickly swabbed before weighing it in air (𝑚2, corresponds to 𝑚1 with 

the addition of the mass of solvent contained in the open pores). Knowing the density of 

the solvent (𝜌𝑓𝑙𝑢𝑖𝑑) and combining these weights, the opened porosity fraction (𝑜𝑝 - (3)) 

and closed porosity fraction (𝑐𝑝 - (4)) of the sample were given. 
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𝑜𝑝 =
𝑚2 − 𝑚1

𝜌𝑓𝑙𝑢𝑖𝑑
 

(3) 

𝑐𝑝 = 𝑉𝑡ℎ𝑒𝑜 −
𝑚1

𝜌𝐴𝐼𝑆𝐼
− 𝑜𝑝 

(4) 

4.2.5 Data analysis 

Before applying the analysis of variance (ANOVA), a pre-treatment of the data was 

carried out for identifying possible outlier values. The interquartile range (IRQ) criterion 

was used and, in particular, it was considered as outlier a value that is more than 1.5 times 

the interquartile range away from the top or bottom of the box. The analysis was carried 

out by means of a Matlab code. Once the outliers were identified and displayed by the 

boxplots, they were eliminated from the dataset considered for the ANOVA. A boxplot 

for each indicator was generated showing information about the median, the lower and 

upper quartiles and the outliers. The ANOVA was carried out to identify a possible 

influence of selected process parameters on the final indicators previously described 

(shrinkage along three dimensions and bulk density) and a confidence interval equal to 

95% was considered. 

4.3 Results and discussion 

The outlier analysis identified 2 outliers for the shrinkage along the X-axis and 3 along 

the Y-axis. These data were deleted from the dataset. The boxplots of the measured 

sample characteristics in terms of shrinkage and density are reported in Figure 4.2, where 

it is easy to pinpointed the outliers in terms of sample number (Table 4.1). 
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Figure 4.2: Boxplot for shrinkages and bulk density outliers identification. 

In Figure 4.3 the plots for the shrinkages along the axis and the bulk density are reported. 

It is possible to compare the experimental results with the nominal shrinkages and bulk 

density values defined in the technical sheets (BASF and monolithic AISI 316L, 

respectively. The black dots represent the mean values of the shrinkage estimated using 

the three measures collected for each sample. In general, it is possible to observe that the 

standard deviations of the data are very small indicating that the results of each group of 

measures are close. Regarding the shrinkage along X and Y-axis, the results assume a 

very similar trend; in both cases, the data are placed close to the nominal shrinkage. 

Different behavior can be observed for the shrinkage along Z-axis. In this case, the 

deviation from the nominal values is higher and it is possible to observe a relation with 

the set of applied parameters. Considering the bulk density of the post-processing samples 

(Figure 4.3), it is possible to note that the densities reached during the process are included 

in a range between 6.7 and 7.8 g/cm3. 
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Figure 4.3: Errorbar of bulk density and shrinkages. 

The analysis of variance was performed to identify a possible influence of the process 

parameters on the main characteristics of the post-processing samples. The analysis was 

conducted considering the dataset obtained by eliminating the outliers. The residuals 

demonstrated, in all cases, to be normally distributed and randomly scattered with an 

average value near to zero. Table 4.2 summaries the p-values obtained after the ANOVA. 

It is possible to observe that the single parameters affect, in each case in a different way, 

the indicators, while only few 3-way interactions affect the indicators. In particular, the 

bulk density is affected by 𝐼𝑛, 𝑠 and ℎ. In this case, the 𝑇𝑛𝑜𝑧𝑧𝑙𝑒, as a single parameter, 

does not affect the results, but it plays an important role from the interaction point of 

view, especially as regards its interaction with the infill type and the layer thickness. For 

the shrinkages, it is clear that each direction is influenced in a different way; in general, 

speed is the factor that affects all shrinkage directions, but, while shrinkage along X 

direction shows an effect derived from layer thickness, the shrinkage along Z direction 

shows also an effect due to the 𝑇𝑛𝑜𝑧𝑧𝑙𝑒.  Indeed, the temperature of the nozzle affects the 

adhesion of the layers along the growth direction. The objective of the AM process should 

be to obtain the highest possible bulk density, close to the monolithic AISI 316L (8 

g/cm3). The main effects plot (Figure 4.4a) shows the parameters combination satisfying 



 

112 

 

this requirement: 𝐼𝑛 = Line infill, 𝑠 = 20 mm/s and ℎ = 0.1 mm. This is also confirmed 

by the graph reported in Figure 4.4b, where it is possible to observe that the greatest bulk 

density was obtained for the process parameters combination indicated above (red circle), 

regardless of the 𝑇𝑛𝑜𝑧𝑧𝑙𝑒 value. 

Table 4.2: ANOVA p-values. 

 p-value 

 Bulk Density X-Shrinkage Y-Shrinkage Z-Shrinkage 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 
0.0790 0.2860 0.4310 0.0000 

𝐼𝑛 
0.0030 0.0830 0.9890 0.8050 

𝑠 
0.0050 0.0000 0.0000 0.0010 

ℎ 
0.0000 0.0010 0.0590 0.0000 

2-way interaction 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝐼𝑛 
0.0060 0.6250 0.0010 0.0550 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝑠 
0.1200 0.0070 0.4050 0.8430 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ ℎ 
0.0030 0.0930 0.0420 0.0000 

𝐼𝑛 ∙ 𝑠 
0.2500 0.0110 0.0130 0.2950 

𝐼𝑛 ∙ ℎ 
0.3940 0.0330 0.1620 0.0580 

𝑠 ∙ ℎ 
0.0580 0.7550 0.6810 0.3340 

3-way interaction 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝐼𝑛 ∙ 𝑠 
0.0040 0.6410 0.8370 0.3760 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝐼𝑛 ∙ ℎ 
0.8250 0.2510 0.0770 0.0450 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝑠 ∙ ℎ 
0.1210 0.0760 0.9360 0.4810 

𝐼𝑛 ∙ 𝑠 ∙ ℎ 
0.2150 0.2000 0.0290 0.1500 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝐼𝑛 ∙ 𝑠 ∙ ℎ 
0.9870 0.1840 0.0840 0.2160 
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Figure 4.4b and 4.5 show the average values of bulk density and shrinkages (average and 

standard deviation of the 4 runs), as function of the process parameters combination. In 

all cases, the low standard deviations show the stability and repeatability of the process. 

The shrinkages along X, Y and Z directions obtained through the experimental campaign 

were compared with the values declared in the technical datasheet. Figure 4.5a and b 

show that shrinkage percentage along X and Y-axis are closer to the nominal value 

declared. Moreover, it is possible to observe a near-perfect overlap of the trends of 

shrinkage along X and Y-axis. This means that X and Y directions are characterized by a 

very similar behavior. On the contrary, the shrinkage along Z-axis shows a greater 

dispersion (Figure 4.5c). Furthermore, samples with 0.4 mm of layer thickness show a 

similar trend lower than the nominal value (~16.90%), while samples with a layer 

thickness equal to 0.1 mm clearly show an effect due to the interaction of the layer 

thickness with the nozzle temperature. In particular, the samples obtained with the lowest 

temperature have a higher shrinkage along Z-axis with respect to those realized with the 

highest temperature. These evidences are confirmed by the p-value reported in Table 4.2. 
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Figure 4.4: Main effects plot for bulk density (a) and aggregate data (b) as a function of 

process parameters. 

(a 

(b 
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Figure 4.5: Aggregate data of shrinkage along X-axis (a) and Y-axis (b) and Z-axis (c) 

as a function of process parameters. 

The percentage of the porosities was estimated to set the real density and the structure of 

the material. The percentages of the volume of opened and closed porosity were evaluated 

(a) 

(b 

(c

) 
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as a function of the theoretical volume estimated through a CMM. This analysis was 

performed for the samples produced with the optimal process parameters and the samples 

characterized by the lowest bulk density, allowing to identify any different behavior of 

the distribution of metal particles. Differences in the structures are evident (Figure 4.6): 

the samples with the worst bulk density show a higher percentage of opened porosity, 

indicating a not optimal layer adhesion and imperfection on the external surfaces. On the 

contrary, the percentage of closed porosities is similar for all the analyzed samples. To be 

precise, the differences between the samples printed with optimal parameters is very 

small, showing an opened porosity percentage equal to 2.41% and 2.72% for 𝑇𝑛𝑜𝑧𝑧𝑙𝑒 equal 

to 240°C and 170°C respectively. Therefore, this result allows to define the application 

of low temperature of the nozzle as a better solution. 

 

 

Figure 4.6: Pie-chart of ratio between percentages of AISI 316, open porosity and 

closed porosity volume. 

4.4 Conclusion 

This study introduced the application of Ultrafuse 316L filament on a low-cost FDM 

machine. The conducted experiments pointed out that the bulk density of the final parts 

is affected by the process parameters. In specific, a printing process characterized by infill 

line pattern, s 20 mm/s and h 0.1 mm generated the best results in terms of nominal 

density. Conversely, nozzle temperature showed no influence on nominal density of 

samples. It was also found that shrinkage along X and Y directions has a similar behaviour 
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(about 16.40%) after the thermal treatment, while the effects due to the debinding and 

sintering processes was more critical along the Z-axis in terms of both shrinkage value 

and scatter. This is mainly due to the effect of the layer thickness and to the interaction 

between the temperature and the infill type. The optimal parameters combination allowed 

to obtain a shrinkage equal to 20%. In particular, the best combination was found for a 

line infill, layer thickness equal to 0.1 mm and a print speed equal to 20 mm/s. 

Considering these characteristics, it is possible to claim that the use of a metal filament 

in ME process is a promising way of making non-critical metal AM parts and deserves 

further investigations, also thanks to its cost-efficiency. In particular, it was shown that it 

is possible to convert a commercial FDM printer, typically used for polymeric materials, 

in a printer for metal filament by simply changing the printer nozzle (nozzle with a higher 

wear resistance is needed). This may represent a sustainable solution both for the 

economical aspect and for the simplicity of production of parts having complex geometry. 
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5 Mechanical Characterization of AISI 316L Samples Printed 

Using Material Extrusion 

This chapter is derived from the article “Carminati, M.; Quarto, M.; D’Urso, G.; Giardini, 

C.; Maccarini, G. Mechanical Characterization of AISI 316L Samples Printed Using 

Material Extrusion. Appl. Sci. 2022, 12, 1433”. 

DOI: 10.3390/app12031433. 

I am immensely grateful to the support received from my co-authors. I am responsible for 

all the changes in this chapter with respect to the published version. 

5.1 Introduction  

Based on the results obtained in the chapter 4, specimens for the mechanical tests were 

printed using the optimized combination of printing process parameters that ensured the 

highest level of apparent density. Indeed, the overall porosity distributed in the metal 

matrix is the main cause for the deterioration of the mechanical properties of components 

made additively compared to the those of the conventional material.  

In the present work, an overall technical feasibility of debinded and sintered specimens 

was provided in comparison with the monolithic AISI 316L material to expand the 

technical feasibility of this promising ME alternative for the manufacture of components 

requiring good mechanical characteristics utilizing low-cost equipment.  

Tensile, compressive, Charpy impact, three point bending, Rockwell and Vickers 

hardness tests were carried out and the mechanical response of metal samples to different 

types of loading were assessed.  

5.2 Materials and Methods 

5.2.1 Equipment and material  

The testing samples were fabricated using a ME polymeric machine Ultimaker 5S, 

equipped with a direct drive extruder with a hardened steel nozzle CC0.6 of diameter 0.6 

mm, which was the smallest nozzle diameter limiting the clogging problem. A filament 

with a diameter of 2.85 mm, provided by BASF (Ultrafuse 316L), was used. This is an 

innovative filament, which is made up of 316L austenitic stainless-steel powders (90 

wt%), evenly distributed in a polymeric matrix composed of polyoxymethylene (POM) 
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and polyolefin. The immobilization of the metal particles and the uniform distribution of 

the metal within the binder matrix allows for safe and simple handling. The parts are built 

up layer upon layer from a moldable material, with the polymer content of the filament 

acting as a binder. The main polymer content (primary binder) was removed from the so-

called green part through a catalytic and thermal debinding process at 120°C with HNO3 

(concentration 98%). The result of this process is the brown part, which consists of pure 

metal particles and a residual binder (secondary binder). The brown part is characterized 

by the same volume and a loss of mass compared to that of the green part. The subsequent 

sintering process removes the secondary binder from the as-built part and causes metal 

particle coalescence. The sintering cycle was performed in argon atmosphere and 

consisted of three thermal ramps:  

- room temperature – 5 °C/min – 600 °C, holding time 1 hour;  

- 600 °C – 5 °C/min – 1380°C, holding time 3 hours;  

- 1380 °C – furnace cooling - room temperature.  

5.2.2 Sample preparation 

 The sample geometry was established based on international standards applicable to the 

mechanical tests to be performed. To date, there are no specific standards that regulate 

the mechanical tests of samples obtained by AM; test procedures were defined according 

to the guidelines presented in ASTM F3122-14 [135]. This standard serves as a guide to 

existing standards or variations of existing standards that may be applicable to determine 

the specific mechanical properties of materials made with metal AM processes. All the 

specimens were oversized because of the shrinkage expected to occur during the 

debinding and sintering processes. In particular, based on a previous study [136], the 

specimens were oversized by 16% along the X-and Y-axes, and 20% along the Z-axis 

(growth direction). 

All samples were printed using the same process parameters, which were defined through 

a preliminary study based on a 24 factorial plan [136]. In this investigation, the nozzle 

temperature (𝑇𝑛𝑜𝑧𝑧𝑙𝑒), infill type (𝐼𝑛), print speed (𝑠), and layer thickness (ℎ) were set for 

investigating how the printing parameters affect the density. It was decided to maximize 

the density for identifying the printing parameters that generate a bulk density as close as 
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possible to that of monolithic stainless steel. This is the first characteristic that allows to 

evaluate the possibility of using this production technique for printing non-critical metal 

components. The effects of the process parameters and their interactions were 

investigated, in a previous work [136], using analysis of variance software. The optimal 

combination of the process parameters that ensured the highest level of bulk density of 

metal specimens (i.e., 95%) is shown in Table 5.1. Five samples were printed for each 

mechanical test. 

Table 5.1: Optimized process parameters combination. 

Nozzle    

temperature 

Infill type Printing 

speed 

Layer   

thickness 

Infill   

density 

Build        

orientation 

170 °C 

 

20 mm/s 0.1 mm  100% Flat  

 

5.2.3 Methodology 

5.2.3.1 Tensile test 

According to ASTM F3122-14, the procedure outlined in the test method ISO 6892-

1:2020 [137] defines the guidelines for tension testing to determine the yield and tensile 

strengths of material under various conditions. These procedures can be applied to 

components made additively. Tensile tests (five samples) were conducted using a 

Galdabini testing machine with a 50 kN load cell. The tests were conducted orthogonally 

to the growth direction of the layers under speed control (0.09 mm/s). 

5.2.3.2 Compression test 

ASTM F3122-14 designates Test Methods E9:2019 [138] as the basic method for uniaxial 

compression testing of metallic samples. These standards are applicable to specimens 

made additively, except for thin sheets. Compression tests (five samples) were conducted 

using a hydraulic press BRT with a 1000 kN load cell. The tests were conducted in a 

parallel direction with respect to the growth of the layers under speed control (0.01 mm/s). 

Line 
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Two bearing blocks with a Vickers hardness of 1,450 HV were used. A layer of Teflon 

with a thickness of 0.075 mm was applied to both bearing blocks to minimize the friction 

between the elements.  

5.2.3.3 Charpy impact test  

According to ASTM F3122-14, ISO 148-1:2016 [139] includes guidelines on pendulum 

impact tests for determining the energy absorbed in an impact test of metallic samples 

fabricated using AM techniques. Five samples were tested using a Tinius Olsen Charpy 

pendulum. The dimensions of the metallic samples are reported in Figure 5.1. 

 

Figure 5.1: Dimensions of Charpy impact samples. 

5.2.3.4 Three-point bending test 

According to ASTM F3122-14, ISO 7438:2020 [140] includes plastic deformation 

methods to evaluate a material’s bending strength and limit of elasticity under bending 

conditions. These standards are also applicable to metal-based additive-manufactured 

parts. Three-point bending tests (five samples) were performed using a Galdabini testing 

machine with a 50 kN load cell. The bending tests were conducted with two supports 

spaced 42 mm away from the center. The rate of displacement was set to 0.8 mm/s, as 

indicated in the standard. The procedure was performed until the physical bending limit 

of each specimen was reached. This physical limit is strictly related to the selected 

clamping system and the distance between the supports. This configuration produced U-

shaped specimens, as depicted in Figure 5.2. 
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Figure 5.2: U-bend sample. 

5.2.3.5 Rockwell hardness  

ASTM F3122-14 specifies ISO 6508-1:2016 [141] as a standard for the Rockwell 

hardness (HRB) of additive-manufactured parts. A cubic sample was sectioned along the 

growth direction; on the internal section of the sample, a 3 × 3 line grid was drawn, 

following the instructions of ISO 6508-1. The procedure was repeated for three different 

samples to obtain 27 uniformly spaced indentations, by means of an A-200 Galileo 

hardness tester.  

5.2.3.6 Vickers hardness 

The same procedure followed for the Rockwell tests was used for the Vickers hardness 

tests, as specified in ISO 6507-1:2018 [142], according to ASTM F3122-14. The 

indentations were performed using a microhardness tester UHL – VHMT.  

5.3 Results and discussion  

5.3.1 3.1. Tensile stress 

The tensile properties of the specimens, such as the yield strength (σf02), UTS, and 

elongation at break, are presented in Table 5.2. The results of the tests indicated that the 

ME samples exhibited poorer mechanical properties than those of the samples made of 

monolithic AISI 316 L. Specifically, the average value of the yield strength (141.9 ± 14.1 

MPa) was lower by 17% compared to that of the monolithic material. The average value 

of UTS (426.6 ± 23.7 MPa) was lower than that of the monolithic material by 
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approximately 12%. These results could be attributed to the larger equiaxed grains and 

full austenitic structure after the sintering phase [52,115]. Regarding the elongation at 

break, the percentage values were close to those of the monolithic AISI 316L. The 

inherent porosity of the sample generated by this AM technique [136], particularly the 

open one, could deteriorate the ductility of the ME specimens owing to local stress 

concentrations.  

Table 5.2. Tensile properties of 316L AM samples. 

 σf02 (MPa) UTS (MPa) 
Elongation at 

break (%) 

Sample 1 161.3 464.1 41% 

Sample 2 125.0 407.3 37% 

Sample 3 134.6 405.9 32% 

Sample 4 132.9 409.0 32% 

Sample 5 155.7 445.2 38% 

AISI316L [143] 170 485 60% 

To provide a wider context of the tensile properties of stainless steel 316L samples 

realized with ME, a comparison among tensile values collected in different works was 

reported in Table 5.3. On average, the obtained yield and tensile strength resulted slightly 

lower than the other values presented; conversely, the ductility set the highest level 

compared to the values available in literature.  
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Table 5.3: Comparison of tensile properties among 316L specimens fabricated by 

means of ME technique.  

Source σf02 (MPa) UTS (MPa) 
Elongation at 

break (%) 

This work 141.9 ± 14.1 426.6 ± 23.7 36.4 ± 3.15 

Ait-Mansour et al. [117] 140.77 ± 6.97 311.81 ± 39.96 12.48 ± 2.81 

Gong et al. [114] 167 465 31 

Liu et al. [116] 194 ± 19 441 ± 27 29.5 ± 3.8 

Rosnitschek et al. [144] - 296 ± 78 32 ± 16 

Damon et al. [118] 155  500 32 

AISI 316L [143] 170 485 60 

The tensile curves, represented in Figure 5.3a, show a similar trend, demonstrating the 

repeatability of the printing process. However, the difference in UTS and elongation at 

break among the samples suggests a significant presence of defects (voids and residual 

stress as a result of thermal processes). No significant necking phenomenon was observed 

during the tests. 

Figure 5.3b depicts the failure modes of the specimens. Three samples exhibited fractures 

inside the useful length, indicated by two blue lines near the edge of the samples. In 

contrast, samples 3 and 4 show fractures near the filet radius, which is a critical stress 

intensity zone. 
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Figure 5.3: Tensile stress-strain curves (a); fracture positions of the samples (b). 

5.3.2 Compression stress 

The stress–stroke graphs of the compression tests are shown in Figure 5.4. The near-

perfect overlap of the compressive curves proves the stability and repeatability of the 

tests. In general, for monolithic materials, the absolute values of the tensile and 

compressive stresses are almost symmetric with respect to the yielding behavior of 

metals. This condition is also present for ME 316L specimens, as the compressive and 

tensile yield strength values were approximately 150 MPa.  

In addition, the compression load seems to guarantee an improvement in the compressive 

stress values of the samples. The average compressive stress of the ME 316L specimens 

was 54% lower than that of the tested bulk sample at 1 mm stroke, whereas the average 

compressive stress value exhibited a deviation of 26% from the value of the bulk 

specimen at 8 mm stroke. 
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Figure 5.4: Compressive stress–stroke curves. 

5.3.3 Flexural strength  

The three-point bending stress–stroke curves are plotted in Figure 5.5. Bending tests 

produce tensile stress on the convex side of the specimens above the neutral axis and 

compressive stress on the concave side of the specimens below the neutral axis. Flexural 

strength is the maximum stress in the outermost fiber. The average value of the flexural 

strength was 795 ± 27 MPa, and the average value of the flexural strain was 

approximately 44% with a standard deviation of 1.4. The flexural strength values depend 

on the type of tests performed and the structural characteristics of the samples printed 

using the ME technique. During the bending test, the maximum stress was mainly 

concentrated in a small region above the neutral axis. The metal ME process and further 

thermal treatments generate an intrinsic percentage of porosity in the specimens, which 

are highly sensitive to the defect content. Because the gauge area of the samples is limited, 

for example, compared to the gauge area of tensile specimens, the statistical probability 

of finding open and closed porosities in the samples is small. 

Furthermore, the bending curves show a similar trend, confirming the repeatability of the 

process, and all the maximum stress values were registered at approximately 12 mm of 



 

128 

 

deflection of the specimens under bending load. All the samples exhibited a complete 

deformation without the presence of cracks in the area subjected to tensile loading. 

 

Figure 5.5: Bending stress-stroke curves.  

5.3.4 Absorbed energy  

The absorbed energy values of the V-notched specimens are presented in Table 5.4. The 

average value (54.6 J ± 8.01) is almost half that of AISI 316L, suggesting the brittleness 

of the metal specimens printed using the ME technique.  

Additionally, samples 2 and 5 underwent a complete fracture (Figure 5.6a), whereas the 

other specimens exhibited a partial fracture (Figure 5.6b). 
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Table 5.4: Absorbed energy values of samples. 

 Absorbed Energy (J) 

Sample 1 62.5 

Sample 2 58.5 

Sample 3 42.0 

Sample 4 48.5 

Sample 5 61.5 

Monolithic AISI316L 103 [145] 

 

 

Figure 5.6: Samples with complete fracture (a), samples with partial fracture (b). 

The brittleness of the metal ME samples can be attributed to two main causes. As reported 

in [136], 5% of porosity could reduce the ductility of the samples. Moreover, the X-ray 

diffraction (XRD) analysis (Figure 5.7) indicated the presence of austenite and δ-ferrite 

phases. The portion of austenite represents a metallurgical characteristic of the material 

because AISI 316L is an austenitic stainless steel, which is composed of a single stable 

austenitic phase at 20° C owing to the presence of nickel. In contrast, the existence of the 

δ-ferrite phase is merely an effect of the thermal history of the samples produced by the 

ME process and subsequent sintering. The formation of the δ-ferrite phase occurred 

immediately below 1,400 °C. The temperature during the extrusion process reached close 

to 240 °C, whereas that during the sintering cycle reached close to the temperature 

window of stable delta ferrite and was compatible with its formation.  

(a) (b) 
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Figure 5.7: XRD patterns of the ME 316L stainless steel. 

During the cooling process, the primary δ-ferrite solidifies within the metal matrix, and 

the transformation of δ to γ ferrite may occur. Because this transformation is a diffusion-

controlled process, the fast cooling rate in the sintering cycle (uncontrolled cooling from 

1,380 °C to room temperature) does not guarantee a sufficiently long time for the 

completion of the transformation [146]; thus, exceeding portions of δ-ferrite may be 

retained in the austenitic matrix of specimens at room temperature. The non-equilibrium 

cooling phase results in the retention of δ-ferrite at the subgrain boundaries [147]. This 

phenomenon may significantly decrease the strength and ductility and increase the 

stiffness of the metal ME samples. 

5.3.5 Hardness  

Figure 5.8 depicts values of Rockwell B and Vickers hardness respectively, depending 

on their positions on the drawn grid. The average Rockwell B hardness value was 

approximately 55 ± 4 HRB, which is lower than that of the monolithic AISI 316L (80 

HRB [145]), with a deviation of 32%. Regarding the Vickers hardness, the average value 

(132.2 ± 3.8 HV) was approximately 15% lower with respect to the value of the 

monolithic AISI 316L (155 HV [145]).  

It is reasonable to assume that the difference between the percentage deviations (32% vs. 

15%) depends on the correlation between the sample porosity and test methodologies. 

The Vickers hardness test concentrates the stress on the surface of the specimen, with a 

limited influence on thickness, leaving a shallow indentation with reduced dimensions, 



 

131 

 

compared to the indentation made during the Rockwell hardness test. Consequently, the 

Rockwell hardness test is more affected by the presence of porosities, even if they are not 

outcropped on the surface, as the larger size of the indenter and greater load applied, lead 

to a greater probability of intercepting non-emerging porosities compared to the 

probability of finding porosities in the indentations of the Vickers hardness test.  

Furthermore, the uniform distribution of the hardness values, both Rockwell B and 

Vickers, along the growth direction may suggest the homogeneity of the material. 

 

Figure 5.8: Rockwell B Hardness (left) and Vickers hardness (right) values in their 

relative positions within the sample. 

5.4 Conclusions 

This study presents an overview of the main mechanical characterization tests performed 

on debinded and sintered samples fabricated by means of an innovative metal-polymer 

feedstock on a low-cost ME machine. Specimens for mechanical characterization were 

printed using the optimal combination of process parameters for obtaining the highest 

bulk density compared with that of the monolithic material. 

Tensile specimens printed via the ME technique exhibited lower values of yield strength 

and UTS compared to those of the monolithic material. In particular, the yielding behavior 

exhibited the worst load values. The compression action on the specimens enhanced the 

average stress value in direct proportion to the increase in displacement. The bending 

samples exhibited no cracks or deformations on the surface subjected to a tension load. 

An XRD analysis showed the abnormal presence of δ-ferrite in the austenitic matrix, 

which may explain the brittleness of the metal specimens observed during the Charpy 

impact tests. Both Rockwell B and Vickers hardness tests verified the homogeneous 

behavior of the material along the growth direction of the layers. In general, the conducted 
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experiments indicated that the ME 316L samples had poorer mechanical performances 

compared to those of monolithic materials. However, all the tests performed 

demonstrated excellent repeatability of this AM process. 

Metal extrusion is a prospective cost-effective technique that avoids powder handling and 

reduces the carbon footprint compared to traditional metal additive manufacturing 

technologies. Despite the promising advantages, the considerable presence of porosity 

and the necessary improvement of the mechanical properties narrow the industrial 

applications of this technique to non-critical metallic parts with high added value, 

including tanks for dyeing machines and pipeline for chemical industry due to the high 

resistance to corrosion. The biocompatibility of the material ensures its use for food and 

medical applications and the possibility to produce complex shaped parts extends its 

applications also for heat exchanger and heat sink. 
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6 The enhancement of the mechanical properties via post-heat 

treatments of AISI 630 parts printed with Material Extrusion   

This chapter is derived from the article “Carminati, M.; D’Urso, G.; Giardini, The 

enhancement of mechanical properties via post-heat treatments of AISI 630 parts printed 

with material extrusion. Prog Addit Manuf (2023)”. 

DOI: 10.1007/s40964-023-00401-2 

I am immensely grateful to the support received from my co-authors. I am responsible for 

all the changes in this chapter with respect to the submitted version. 

6.1 Introduction  

As reported in 3.2.2, AISI 630 is a precipitation hardening stainless steel and it is an alloys 

of interest for different manufacturing applications due to the possibility of performing 

thermal treatments to modify the microstructure of the material and, thus, the mechanical 

properties of manufactured components. In particular, H900 and H1150 are the two most 

diffused thermal treatments since a relevant enhancement of strength and ductility could 

be reached, respectively.  

Despite the number of papers studying metal ME is increasing, an assertive response of 

the mechanical properties of AISI 630 martensitic stainless steel after tempering remains 

unclear, since the effects of dissimilar heat treatments on different mechanical 

characteristics, including compression and bending strength, are missing.  

In the present work, an overall technical feasibility of the metal ME technique was 

provided to expand its industrial applications to non-critical metallic parts with high 

added value. A preliminary structural analysis was conducted to establish any possible 

influence of the main process parameters on the physical and dimensional response of the 

AISI 630 parts produced by means of the mentioned technology. The optimized 

combination of process parameters ensuring the lowest level of inherent porosity was 

selected to perform a subsequent mechanical characterization. The effects of aging 

treatments on the main mechanical properties of AISI 630 ME samples were investigated 

with a comprehensive comparison with those of the monolithic material. In particular, 

H900 and H1150 heat treatments were performed on metal samples and different 
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mechanical tests, comprising tensile, compressive, bending and Vickers hardness, were 

carried out.  

6.2 Materials and Methods  

The test samples were fabricated by means of a FDM 3D printer Ultimaker 5S (Ultimaker 

B.V., Utrecht, NL), equipped with a CC hardened steel nozzle having a diameter of 0.6 

mm. The machine extruded an innovative 2.85 mm filament made up of AISI 630 

martensitic stainless steel powder (90 wt.%), provided by BASF, equally distributed in a 

polymeric matrix composed of polyoxymethylene (POM) and polyolefin. In Figure 6.1a, 

the cross section of the filament shows good homogeneity of the metal powders with the 

dimensions in the range of 2 and 25 µm, embedded in the polymeric binder. The geometry 

of the powders could be not defined since both rounded and irregular shapes of the metal 

particles could be detected (Figure 6.1b).  

  

(a) (b) 

Figure 6.1: SEM images of the cross section of the filament: 1000X (a), 2500X (b). 

After the printing process, thermal treatments were required. The main polymeric content 

(primary binder) was removed from the green parts with the aid of a catalytic debinding 

process at 120 °C, resulting in a brown part, consisting of metal particles and a residual 

polymeric backbone. The subsequent sintering process removed the secondary binder and 

caused coalescence of the metal particles. At the end of the thermal treatments, the part 

has undergone a volume reduction due to shrinkage. The sintering cycle was performed 

in Argon atmosphere and consisted of three thermal ramps, as reported in Table 6.1: 
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Table 6.1: Ramps of the sintering cycle. 

 Initial 

temperature 

Final temperature  Ramp rate Holding time  

Ramp 1 Room 

temperature 

600 °C  5 °C/min 1 hour  

Ramp 2 600 °C  1380 °C 5 °C/min 3 hours 

Ramp 3 1380 °C Room 

temperature 

Furnace cooling - 

6.2.1  Structural analysis  

A cube with a side of 10 mm was the chosen geometry of the test samples for the structural 

analysis. The experimental design was based on a Taguchi L16 orthogonal array. The 

factors taken into consideration were the main process parameters of the ME technique, 

i.e., the nozzle temperature (Tnozzle), the infill pattern (In), the print speed (s), the layer 

height (h) and the infill density (d), varied on two levels. The low and high levels of each 

parameter were selected by means of a preliminary windows process tests to verify the 

actual printing process of the selected material and the values are reported in Table 6.2. 4 

repetitions were considered for each combination of the process parameters.  
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Table 6.2: Levels of the process parameters 

Parameters  Low level High level 

Nozzle Temperature [°C] Tnozzle 170 240 

Infill Pattern  In Line 

 

Wall 

 

Print Speed [mm/s] s 15 50 

Layer Height [mm] h 0.1 0.4 

Infill Density [%] 

d 

100 

 

125 

 

 

Nozzle temperatures (Tnozzle) above the melting point of the primary binder (i.e., 165 

°C) were chosen to minimize the viscosity of the filament and to ease the extrusion 

process. Line pattern and Wall pattern were chosen as trajectories of the nozzle while 

filling the infill volume within the structure. The Line pattern consists of lines printed in 

one direction and tilted by 45° degrees each layer. The Wall pattern is constituted of 

concentric walls entirely filling the samples. s refers to the speed of the extruder 

movement. h represents the height of each single layer and affects the quality of the parts 

along the growth directions. d corresponds to the density of infill, i.e., the distance of the 

infill lines. An infill density higher than 100% leads to a partial overlap of the deposited 

strand. A bed temperature of 100 °C was set to enhance the adhesion and to prevent the 

detachment of the first deposited layer from the building platform. Table 6.3 shows the 

Taguchi L16 plan displaying the combination of process parameters for each sample.  
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Table 6.3: Taguchi Design of experiments: sample identification and process 

parameters combinations. 

Combination Samples Tnozzle In s h d 

1 1 – 17 – 33 – 49 170 Line 15 0.1 100 

2 2 – 18 – 34 – 50 170 Line 15 0.4 125 

3 3 – 19 – 35 – 51 170 Line 50 0.1 125 

4 4 – 20 – 36 – 52 170 Line 50 0.4 100 

5 5 – 21 – 37 – 53 170 Wall 15 0.1 125 

6 6 – 22 – 38 – 54 170 Wall 15 0.4 100 

7 7 – 23 – 39 – 55 170 Wall 50 0.1 100 

8 8 – 24 – 40 – 56 170 Wall 50 0.4 125 

9 9 – 25 – 41 – 57 240 Line 15 0.1 125 

10  10 – 26 – 42 – 58 240 Line 15 0.4 100 

11 11 – 27 – 43 – 59 240 Line 50 0.1 100 

12 12 – 28 – 44 – 60 240 Line 50 0.4 125 

13 13 – 29 – 45 – 61 240 Wall 15 0.1 100 

14 14 – 30 – 46 – 62 240 Wall 15 0.4 125 

15 15 – 31 – 47 – 63 240 Wall 50 0.1 125 

16 16 – 32 – 48 – 64 240 Wall 50 0.4 100 

 

The green parts and the debinded and sintered samples were measured by a Coordinate 

Measuring Machine (CMM) Zeiss O-Inspect along X, Y and Z directions. The 

measurements were performed using a vertical touching probe, repeating the automatic 

path three times for each plan of the sample to obtain average values for the dimensional 

analysis. The described procedure ensured the accuracy of the methodology and avoided 

random errors in measurement. The shrinkage of the area within XY plan and the 
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shrinkage along Z axis were calculated as the percentage dimension reduction along the 

reference directions, according to Eq. 1:  

 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒𝑖 =  
(𝐷𝑔𝑝𝑖 −  𝐷𝑠𝑝𝑖) · 100

𝐷𝑔𝑝𝑖
 

Eq. 1 

Where i indicates the dimension (area within XY plan, Z axis), 𝐷𝑔𝑝𝑖 is the dimension of 

the green parts and 𝐷𝑠𝑝𝑖 is the dimension of the sintered parts.  

The apparent density (ρapp) of sintered samples was calculated as the ratio between the 

post processing weight (w), measured using a precision balance, and the geometrical 

volume (Vgeo), estimated through the CMM, as reported in Eq. 2 

𝜌𝑎𝑝𝑝 =  
𝑤 [𝑚𝑔]

𝑉𝑔𝑒𝑜 [𝑚𝑚3]
 

Eq. 2 

An Analysis of Variance (ANOVA) was applied to the sampled measures to study the 

eventual effect of the chosen process parameters on the dimensional shrinkages and 

apparent density, selecting a 95% confidence interval. In order to delete possible outlier 

values from the dataset, a Matlab code was created to execute a pre-treatment of the 

collected data by means of the interquartile range (IRQ) criterion.  

6.2.2  Mechanical analysis  

The apparent porosity corresponds to porous defects that are formed unintentionally in 

the well-prepared structure and/or at the unetched surface of the additively manufactured 

material [148]. This attribute represents an enormous issue related to the fabrication of 

parts by means of ME technology. Indeed, both opened and closed porosity may influence 

the mechanical properties of sintered samples, lowering the structural utilization of metal 

ME parts [149]. Therefore, the specimens used for the mechanical characterization were 

printed using the process parameters combination corresponding to the maximum of the 

apparent density as resulted from the previous structural analysis.  

For each mechanical test, 9 samples were fabricated: 3 samples were mechanically tested 

as sintered (AS-IS samples). The remaining ones were formerly subjected to solution 

followed by water quenching and aging treatments followed by air cooling. Different 

studies verified the influence of the application of the solution treatment prior to 

tempering on parts made additively [128,134]. Both yield and ultimate tensile strengths 

receive an improvement from solution and aging post treatment; on the contrary, aged 

samples without any pre-treatment solution experienced a general worsening of 
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mechanical properties. The solution treatment prior to aging is very important since it 

almost fully prevents the austenite reversion in the martensitic matrix and enhances the 

strength of printed samples. In fact, aging on an as-fabricated sample generates a gradual 

reintroduction of austenite by the reversion of martensite, generally attributed to the 

chemical stabilization by the diffusion of constituents to form precipitates toward lath 

boundaries.  

In Table 6.4, the temperatures and the holding times for H900 (peak aged) and H1150 

(over aged) conditions are reported. Three specimens were tested under each condition to 

ensure repeatability. 

Table 6.4: Solution and aging treatments. 

 Solution treatment Aging treatment 

 T [°C] t [min] T [°C] t [min] 

H900 1040±5 60±5 482±5 60±5 

H1150 1040±5 60±5 621±5 240±15 

The tensile tests were performed accoring to procedure outlined in test method ISO 6892-

1:2020 [137], using a Galdabini testing machine with a 50 kN load cell under speed 

control (0.09 mm/s). The tests were conducted orthogonally to the growth direction of the 

layers, according to different works investigated in literature [115,125].  

The compression tests (Test Methods E9:2019 [138]) were conducted in a parallel 

direction with respect to the growth of the layers under speed control (0.01 mm/s), using 

a hydraulic press BRT with a 1000 kN load cell. A layer of Teflon with a thickness of 

0.075 mm was used to minimize the friction between the specimen and the dies. 

The three-point bending tests were performed using a Galdabini testing machine with a 

50 kN load cell. Two support spaced 42 mm away from the center and 0.8 mm/s as rate 

of displacement were selected, as indicated in the standard ISO 7438:2020 [140]. The 

procedure was executed until the complete fractures of the samples. 

Vickers Hardness tests were conducted sectioning the cubic samples along the growth 

direction of the layers and executing the tests on a 3 × 3 line grid (9 indentations) on the 

sections of each sample, in accordance to ISO 6507-1:2018 [142]. The procedure was 
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repeated for three different samples to obtain 27 indentations for each condition by means 

of a hardness tester UHL–VHMT. 

The internal structure of the metal samples, both as sintered and heat treated, were 

analyzed. The cross sections of sintered and tempered samples were polished up to 0.05 

µm with alumina suspension and etched by Marble solution (50 mL H2O, 10 g CuSO4, 

50 mL HCl). The chemically etched surfaces were observed using a digital microscope 

(Keyence VHX-7000). The fracture surfaces were examinate by scanning electron 

microscopy (Zeiss EVO 40) at room temperature.  

6.3 Results and discussion   

6.3.1 Structural characterization  

The structural analysis was carried out to identify any possible influence of the printing 

process parameters on the physical and dimensional indicators of the sintered parts, with 

particular attention to the parameters combination maximizing the apparent density of the 

samples. 

3 outliers for the shrinkage within XY plan were identified, while no outliers were found 

for shrinkage along Z axis and density. The boxplots of the measured sample 

characteristics in terms of shrinkage and density are reported in Figure 6.2.  

 

Figure 6.2: Boxplot for shrinkages and apparent density outliers identification. 
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After removing the outliers, an analysis of variance was performed to define any influence 

of the process parameters on the main indicators of structural properties of sintered 

samples. Analyzing p-values obtained by the ANOVA (Table 6.5), it can be stated that 

the apparent density is affected by all parameters, except for the nozzle temperature. Even 

for the 2-way interaction, Tnozzle does not plays an important role on the apparent 

density. Conversely, all shrinkage directions are affected by the temperature of the nozzle, 

both for 1-way and 2-way interactions. Also, h parameter influences shrinkage along XY 

plan and Z axis. Lastly, the interactions nozzle temperature-print speed and nozzle 

temperature-layer height have a strong influence on both shrinkages.  
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Table 6.5: ANOVA p-values. 

 p-value 

 Apparent Density Planar Shrinkage Z-Shrinkage 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 0.889 0.007 0.000 

𝐼𝑛 0.000 0.000 0.465 

𝑠 0.009 0.378 0.570 

ℎ 0.000 0.000 0.000 

d 0.000 0.089 0.025 

2-way interaction 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝐼𝑛 0.036 0.000 0.182 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝑠 0.696 0.001 0.000 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ ℎ 0.123 0.000 0.000 

𝑇𝑛𝑜𝑧𝑧𝑙𝑒 ∙ 𝑑 0.712 0.482 0.026 

𝐼𝑛 ∙ 𝑠 0.018 0.944 0.947 

𝐼𝑛 ∙ ℎ 0.001 0.671 0.573 

𝐼𝑛 ∙ 𝑑 0.000 0.007 0.063 

𝑠 ∙ ℎ 0.002 0.887 0.066 

𝑠 ∙ 𝑑 0.395 0.059 0.341 

ℎ ∙ 𝑑 0.315 0.197 0.759 

 

Figure 6.3Figure 6.4 show the average values of apparent density and shrinkages (average 

and standard deviation of the 4 runs), as function of the 16 combinations of process 

parameters. For each plot, a comparison among the experimental results and the nominal 

values of shrinkages and density, defined in BASF technical datasheet and International 

Standards, respectively, is feasible (red line and blue line). In accordance with ANOVA 
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results, Figure 6.3 confirms that In Line infill, s 15 mm/s, h 0.1 mm and d 125% was the 

combination of process parameters that maximize the density of sintered parts, as also 

reported by the main effect plot (Figure 6.5a), with an average value of 7.4 g/cm3. The 

mentioned optimal process parameters combination generated 29.8% and 19.5 % 

shrinkages along XY plan and Z axis, respectively, which are the closest values compared 

to the nominal shrinkages reported in the technical datasheet. Furthermore, shrinkage 

values within XY plan settled around the nominal value of shrinkages. Different 

conclusion could be drawn for the shrinkage along Z-axis. It’s clearly noticeable a spread 

variability of the shrinkage values around the blue line in Figure 6.4b. Lastly, planar 

shrinkages and shrinkages along Z axis exhibited a similar trend, related especially to the 

h parameters, since on average samples printed with 0.1 mm layer height incurred higher 

shrinkage (i.e. greater than nominal shrinkages) compared to those characterized by h 

equal to 0.4 mm. This evidence is also confirmed by the main effects plots (Figure 6.5b, 

c) since the influence of the process parameter on both dimensional shrinkages can be 

noticed. 

 

Figure 6.3: Average values of apparent density as a function of the process parameters 

combination.  
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Figure 6.4: Average values of dimensional shrinkages as a function of the process 

parameters combination. 

 

(a) 

Figure 6.5: Main effects plots for density (a). 
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(b) 

 

(c) 

Figure 6.5: Main effects plots for planar shrinkage (b) and Z shrinkage (c). 

Concerning the repeatability of the process, the residuals of the final indicators of the 

structural analysis are reported in Figure 6.6. The plots demonstrate the random 

distribution of the points with an almost constant variance, especially for the apparent 

density and planar shrinkage, ensuring the reproducibility of metal parts printed via ME.  
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Apparent Density Planar Shrinkage Z Shrinkage 

   

Figure 6.6: Residuals versus fits plots for apparent density, planar shrinkage and Z 

shrinkage. 

6.3.2 Mechanical characterization  

The characterization of AISI 630 ME samples was carried out using process parameters 

that allow to maximize the apparent density of the sintered samples. Figure 6.7 exhibits 

two different types of porosity, which are distinctive of the metal ME technique. Indeed, 

the first class of porosity is a matrix of spherical pores with micrometric dimensions, 

uniformly distributed. The debinding process enhances the binder leakage, creating large 

voids in the samples. The sintering step promotes just a partial closure of voids, leaving 

micro porosity in the metal matrix. The second class of porosity is generated by the 

deposition process. Irregularly shaped pores form patterns at the interfacial region 

between deposited layers, that the sintering treatment can barely interfere. Moreover, this 

type of porosity is characterized by pores of greater dimensions compared to those of the 

first class.  

Both type of porosity adversely affect the mechanical properties of sintered metal parts; 

namely, spherical pores lower the stiffness while the irregular ones reduce the mechanical 

strength of specimens [150]. Therefore, the reduction of porosity maximizing the 

apparent density represents a relevant milestone to expand the industrial application of 

the aforementioned technique. 
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Figure 6.7: Cross section XY plan X100 (left), Cross section YZ plan X100 (right). 

Heat treatments on ME samples is a possible solution to enhance the mechanical 

characteristics of AISI 630 material, by means of the precipitation hardening 

phenomenon.  

The monolithic AISI 630 is characterized by a predominantly martensitic microstructure 

with occasional presence of δ-ferrite in the form of stringers. The sintered samples 

revealed an uncompleted microstructure transformation, since sintering and subsequent 

uncontrolled cooling phase from 1380 °C to room temperature promoted the 

unconventional formation of austenite grains, detectable through its typical grain 

boundaries structures (Figure 6.8a). Besides, an initial transformation from austenite to 

martensite occurred and the presence of δ-ferrite characterized the microstructure as a 

minor constituent, as shown in Figure 6.8b. 

After aging treatments, the microstructure of the samples changed. A prior solution 

treatment and the following tempering at 482 °C transformed the previous AS-IS structure 

into near fully martensite block structure within the prior austenite grain boundaries and 

along the packet boundaries (Figure 6.8c). Lastly, Figure 6.8d shows a completely lath 

martensite structure and still well noticeable δ-ferrite elements, characterized by irregular 

shapes.  

The microstructures of each heat treatment condition reveal rounded pores, as a 

consequence of the high temperatures used and partial interparticle bonding during the 

sintering process.   
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(a) (b) 

  

(c) (d) 

Figure 6.8: Digital-microscope micrographs of the cross-sections along building 

directions of samples AS-IS (a,b), H900 (c) and H1150 (d). 

Figure 6.9 plots the tensile properties of specimens, such as yield strength, UTS and 

elongation at break, for the different heat treatment conditions comparing sintered and 

monolithic samples. The AS-IS samples exhibited average yield strength and UTS of 768 

± 5 MPa and 887 ± 9 MPa, respectively. After solution and aging treatment, the strength 

of H900 samples improved to 1028 ± 80 MPa and 1124 ± 49 MPa, with an increase of 

16% and 12% respectively compared to AS-IS samples. The precipitation of nanoscale 

spherical Cu and secondary carbides rich in Cr along the packet boundaries limits the 

dislocation motion due to tempering, resulting in a considerable enhancement of material 

strength. On the contrary, H1150 samples experienced a worsening of yield strength and 

ultimate tensile strength, on average. At higher aging condition, grain boundaries become 

Austenite 

Lath martensite 

δ-ferrite 
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thicker and the coarsening of Cu precipitates promotes the formation of clusters with a 

consequence reduction of the coherency within the martensitic matrix. Regarding the 

elongation at break, a growing trend for the ME samples is visible: it is evident how it is 

directly dependent on the increase of time and temperature of the heat treatments 

undergone. 

 

Figure 6.9: Tensile properties of AISI 630 ME samples 

By comparing  the values of mechanical characteristics for monolithic AISI 630 with the 

sintered samples ones (Figure 6.10) it is evident how the AS-IS samples represented the 

worst case for all the tensile properties analysed. In particular, the elongation at break 

value diverged of almost 80% from the monolithic material. The H900 aging treatment 

was found to be the best solution to approach the yield strength and UTS of the monolithic 

AISI 630.  
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Figure 6.10: Deviation of tensile properties of ME samples in the different conditions 

from the relative monolithic material 

To assess the tension behaviour of ME sintered samples, the fracture surfaces of the 

sintered and aged specimens after the tensile loads were observed by optical microscopy 

and scanning electron microscopy. Despite the differences in total elongation and 

strength, all three types of samples showed a similar fracture behaviour. Figure 6.11a, b 

highlight the presence of voids and porosities evenly distributed in fracture surfaces of 

both samples. In addition, more pronounced layers could be depicted suggesting a 

consistent layer separation. This evidence was well confirmed by the gaps between 

separated layers shown in Figure 6.11c. The tensile load applied during the tests enhanced 

the issue of poor adhesion between layers during the deposition process. SEM analysis 

shows the predominant existence of dimple structures in correspondence with the zones 

of the layers. Dimple patterns, which were formed through the initiation and coalescence 

of micro-voids, typify ductile fracture patterns (Figure 6.11d). A clear transition in the 

interlayers zones from highly populated smaller dimples area to smooth areas can be 

observed in Figure 6.11e. The separated layers, clearly delineated in Figure 6.11c, were 

characterized by brittle fracture patterns with deep cleavage, which were likely caused by 

higher concentration of irregular voids. These results indicate that specimens in all three 

conditions failed in a more brittle manner, with more limited plastic deformation than the 
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corresponding monolithic samples, as demonstrated by the higher levels of yield ratio 

(ys/UTS).  

A large number of spherical inclusions with a particle size of approximately 5 µm were 

found. According to EDS compositional analysis, the spherical particles are SiO2. During 

the atomization process to fabricate spherical metal powders, up to 1 mass% silicon is 

often added to prevent oxidation by forming a thin silica films that cover metal powders 

[132]. The high temperature of the sintering process evolved the films into spherical 

particles, as it can be observed in the dimples of fractured surfaces (Figure 6.11f).  

  

(a) (b) 

  

(c) (d) 

Figure 6.11: Optical and SEM analysis of fracture surfaces at different magnifications: 

(a,b) 40 X, (c) 100 X, (d) 500 X.  
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(e) (f) 

Figure 6.11: Optical and SEM analysis of fracture surfaces at different magnifications: 

(e) 500 X, (f) 1500 X. 

The average compressive stress–strain curves of each tested conditions are shown in 

Figure 6.12. It is noticeable a clear disomogeneity among curves, represented by H900 

samples.  Indeed, the average value of compressive stress at 50% strain for H900 samples 

set at 2690 ± 29 MPa. On the contrary, a near perfect overlap between the two other 

clusters exists (AS-IS and H1150 samples). This evidence suggests the considerable 

improvement of the formability for sintered samples after the H900 heat treatment.  
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Figure 6.12: Compressive stress-stroke curves. 

While monolithic metallic materials are characterized by an homogenous plasticity 

response and symmetric compressive and tensile yield strengths, asymmetry occurs for 

porous materials [150]. All the AISI 630 sintered samples exhibited a slight asymmetry, 

as compressive yield strength values are higher than tensile yield strength on average with 

a pronounced tensile-compressive asymmetry (TCA) for H900 samples, as reported in 

Table 6.6. The negative role of inherent porosity in specimens made additively does not 

represent a key factor in compressive loads [151]. The obtained results show how the 

nature of the compressive loads tends to close the pores and solidifies the defective areas 

as long as the porosity is minimal. In contrast, under tensile loading, the pores begin to 

coalesce and expand leading to failure.  
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Table 6.6: Tensile and compressive yield strength values. 

 Tensile Yield Strength Compressive Yield Strength TCA 

AS IS 768±5 815±25 5% 

H900 1028±80 1120±29 8% 

H1150 604±41 645±24 6% 

The average three-point bending stress–strain curves of each tested conditions are plotted 

in  

Figure 6.13. Three distinctable curves are noticeable and a similar tendency between 

tensile and bending properties could be outlined in relation to the thermal treatments. The 

AS-IS samples registered an average flexural strength of 1827 ± 18 MPa. The H900 

treatment led to a rise of the average flexural strength up to 2212 ± 75 MPa. Comparing 

the aforementioned values, an enhancement by 17% was generated due to tempering at 

480 °C. Aging to the H1150 resulted in the over-aged condition characterized by a 

lowering of the flexural strength (1691 ± 88 MPa). The flexural strain values exhibited a 

different behaviour. The peak-aging treatment generated a slightly reduction in 

percentage from 4.5% for AS-IS samples to 4.1%. An identical value of flexural strain 

(i.e., 8.6%) was obtained for H1150 samples, compared to the tensile property reported 

in Figure 6.9.  
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Figure 6.13: Bending curves. 

All the tested samples underwent a complete fracture, regardless of the heat treatment 

experienced. Three-point bending tests produce tensile and compressive stresses on the 

convex and concave side of the specimens above the neutral axis, respectively. The 

formation of the cracks occurs in the convex side of all samples and a rapid propagation 

along the width of specimens was detectable for AS-IS and H1150 samples (Figure 6.14). 

H900 samples behaved differently, since the formation and the propagation phases of the 

crack are indistinguishable and any significant deformation occurs. 

 

Figure 6.14: Bending test phases for the H1150 specimen. 

Figure 6.15 depicts the values of Vickers hardness depending on the thermal treatment, 

as the average of the results collected from the indentation within the 3x3 line grids. A 

clear leverage of the peak-aging treatment is detectable with an average value of 397 ± 7 

HV, with respect to the average value registered for the as sintered condition. Comparing 

the average hardness values of metal ME samples to those of monolithic material, a 
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further improvement of H900 and H1150 treatments on additive specimens are 

noticeable, since the difference with the relative monolithic value decreases from 11% 

for the AS-IS samples to 4.8% and 8.6%, respectively for peak and over-aged samples.  

Furthermore, a uniform distribution of the Vickers value along the growth direction of 

the layers may signify the homogeneity of the material, both in as sintered and aged state.  

 

Figure 6.15: Vickers hardness values.   

In order to characterize the level of repeatability for the mechanical of metal samples, the 

coefficient of variation was calculated and used as a comparison metric. This coefficient 

is the ratio of the standard deviation to the mean for all analyzed samples. The coefficients 

of variation of AS IS, H900 and H1150 samples for each mechanical tests are highlighted 

in Table 6.7. In general, limited values were registered for all different covered 

conditions, ensuring the reproducibility of the different mechanical tests on metal samples 

manufactured by Material Extrusion. A maximum of 0.043 was registered for the H900 

samples tested by means of a tensile test. Concerning the compressive test, an upwards 

trend is detected with a minimum value of 0.002 for the sintered samples and a peak value 

(0.036) associated to H1150 samples. The same behaviour depicted for compressive test 

are also evident for the flexural values, as the lowest value (0.010) was registered for the 

AS IS samples and 0.05 was the highest values for the H1150 specimens. The increase of 

holding time and treatment temperature enhanced the coefficients of the variation, with a 

subsequent low control of the repeatability of the compressive and bending specimens. 

Then, the coefficients of variation for Vickers hardness tests result to be the steadiest, 

also due to the uniformity of the test performed. 
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Table 6.7: Coefficients of variation of AS IS, H900 and H1150 samples for each 

mechanical tests. 

 Condition state 

 AS IS H900 H1150 

Tensile test 0.010 0.043 0.019 

Compressive test 0.002 0.011 0.037 

Bending test 0.010 0.034 0.052 

Vickers hardness test 0.025 0.019 0.019 

6.4 Conclusions 

In the present research, a comprehensive evaluation of AISI 630 samples fabricated by 

means of metal material extrusion techniques was assessed, leading to the following key 

results:  

(1) The best combination of printing process parameters (In Line, s 15 mm/s, h 0.1 

mm, d 125%) ensured a 95% of apparent density compared to the bulk material, 

with a mean value of 7.4 g/cm3. Besides, this combination generates the 

dimensional shrinkages closest to those defined in the technical datasheet.  

(2) The mechanical tests proved the benefit derived from the heat treatment H900. 

Yield Strength, UTS and hardness improved significantly without any detriment 

of the ductility compared to the as sintered samples. Higher aging time and 

temperature led to an increase in the ductility of the specimens, observable both 

in elongation at break and flexural strain average values. All the specimens 

exhibited a slight TC asymmetry, regardless of the specific thermal condition. 

(3) Solution and aging treatment on sintered samples reduced the deviation with 

respect to the corresponding values of tempered monolithic ones in terms of 

strength, ductility and hardness. The microstructure of AS-IS significantly 

differed from traditional martensite and δ-ferrite structure, since the presence of 

typical austenitic grains was detectable. Tempered samples approached the 

structure of respective monolithic structure, though.  
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(4) The optical and SEM observations of the fractured surfaces revealed the 

interruption of ductile behaviour of material with smooth area in correspondence 

of the areas between different layers, suggesting the brittle failure for samples of 

all three conditions. The microstructure also included spherical SiO2 inclusions 

with particle size of 5 µm. 

Metal material extrusion is a promising cost effective technology that may overcome the 

considerable entry barriers related to traditional Powder Bed and Powder Fed systems, 

such as high purchasing costs, relevant carbon footprint and needs for safety 

requirements. The use of this technique combined with subsequent solution and aging 

treatment on precipitation hardening alloy could extend its application even to high value-

added products requiring good mechanical properties, with the major advantage of the 

lower production costs.  
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7 Recycling process of Green Parts for Metal Material Extrusion 

This chapter is derived from the combined work between University of Bergamo and 

ENEA Portici research center.  

I am immensely grateful to the support received from my co-authors. I am responsible for 

everything written in this chapter. 

7.1 Introduction  

On basis of the results achieved in chapters 4, 5 and 6, this multi-step additive technique 

represents a considerable alternative to traditional metal additive manufacturing 

technologies, due to the remarkable advantages. However, its novelty implies the 

generation of a considerable amount of defects during the printing process. High value-

added applications need for certain quality characteristics, in terms of surface roughness 

and geometrical properties. Owing to the amount of process parameters combinations, 

dissimilar Material Extrusion process faults can badly affect the quality of green parts, 

since the occurrence of typical part defects may occur. One of the most harmful defects 

is the warpage of the printed parts, which results in bad first layer adhesion and a 

consequent lift of the corner of the printed object from the build platform. The primary 

cause is the immediate change between the extrusion and the ambient temperature, 

leading to an uneven plastic shrinkage [152]. Another issue strictly connected to the 

temperature is the delamination within the part: thermal gradients, which result from the 

deposition of the hot melt on a previously deposited partially printed cool part, as well as 

different convective cooling rates within the build environment can generate stresses 

resulting in delamination of roads from one another or even cracking of parts [153]. 

Besides, the nozzle clogging phenomenon occurs especially with high filler contents 

materials. The clogged nozzle precludes a correct material flow and intermittent 

deposition leads to a print failure through significant changes in the volume [154]. 

Overhang structures of the printed parts require support elements, which could be 

mechanically removed from the final element. The removal action could cause damage 

to the part if the support material is fused too tightly [155]. In addition to the listed defects 

narrowed to the deposition phase, there are plenty of issue related to the print quality of 

the final parts, concerning dimensional accuracy, resolution and surface roughness [155], 

which might be critical for visual models, fit and assembly and for tooling applications, 
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as well as in the manufacture of finished parts. In general, all these defects and print 

quality issues are quite visible for the operator in charge of the deposition process and the 

subsequent debinding and sintering phases are useless, since in most cases the 

defectology can only worsen. These kinds of green parts represent scrap that needs to be 

managed. An accurate handling of the wasted green parts could arise this novel ME 

technique in terms of sustainability, both environmental and economical. In this context, 

there are three methodology that might be pursued to prevent and manage the generation 

of scrap from metal material extrusion process, which might be categorized in process 

monitoring, material recycling and scraps reuse. In the first case, preventive actions are 

taken to monitor qualitative uncertainties and to provide in-situ correction reducing costs 

due to rejection, since anomalies in printing are detected almost immediately after they 

occur. In [156], a comprehensive review about the different sensor technology groups for 

process monitoring was presented, including 2D vision with camera [157], temperature 

monitoring with thermal cameras [158], vibration monitoring with accelerometers [159] 

and 3D vision with structured light [160] and laser triangulation [161]. All these groups 

were combined with analytical models and artificial intelligence tools. Process 

monitoring mitigates the defects generation, while recycling is a possible solution at the 

time that green parts are already scrap. Since the raw feedstock for this technology 

consists of dissimilar elements (i.e., polymers, metals, additives, etc.), a controlled 

multiphase process for the green parts disposal is necessary. In particular, a proper 

equipment for the separation of dissimilar material is required, such as filters for metallic 

powders, that need to be disposed in special collection centres for the management of fine 

metallic particles. Besides, the polymeric content necessitates to be removed chemically 

or thermically. In the first case, the solvent used for the chemical separation needs to be 

collected and filtered; if the separation is carried out by thermal processes, a controlled 

atmosphere furnace is required, since the release of fumes is extremely dangerous for the 

safety of the operators [92]. Lastly, the reuse of the wasted green parts is the third way 

forward to manage the scraps generated by metal material extrusion. This operation 

comprises the collection and the remanufacturing of scraps to produce recycled filaments 

as new feedstock to be used in metal ME. To the best authors’ knowledge, there is no 

paper dealing with the reuse of green parts for the sustainability of MME technology.  
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In this work developed in cooperation between University of Bergamo and ENEA Portici 

research center, a preliminary evaluation of a circular methodology for the reuse of 

wasted green parts has been proposed. A comparison between virgin and recycled 

filaments is proposed to assess any effects of the filament extrusion process on the raw 

feedstock, considering both polymeric contents and solid loadings. Subsequently, a 

structural and mechanical evaluations of the secondary metallic samples (recycled ones) 

were proposed in terms of apparent density, microstructure and Vickers hardness and 

compared to properties of virgin sintered samples. The novelty of this work is related to 

the possibility to reuse green parts, considered scraps, to extrude a new filament to be 

used for metal material extrusion process with economical and sustainable advantages 

and without any deterioration of physical and mechanical properties of the secondary final 

parts.  

7.2 Materials and methods  

The virgin feedstock is the mixture of 316L stainless steel water-atomised powders (90 

wt.%), evenly distributed in a polymeric matrix made up of polyoxymethylene (POM) as 

primary binder, polyolefin as backbone and additives. The immobilization of the metal 

particles eases the handling of the filament and the uniform distribution of the metal 

within the binder matrix allows a homogenous shrinkage of the printed part during 

debinding and sintering phase.  

The proposed methodology consists of reusing green parts with apparent defects and it is 

composed by different stages, as illustrated in Figure 7.1.  
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Figure 7.1: Flow chart of the recycling methodology. 

The first action involves the recognition of an apparent defects within a printed green 

part. Warpage and delamination issues due to wrong temperature render a green part 

unusable, since the subsequent thermal treatments do not resolve these geometric 

distortions. Besides, an inappropriate temperature of the printing bed combined with bad 

adhesion systems, such as adhesive sheets or glue stick applied, cause a complete 

detachment of the printed samples from the working area blocking the building process. 

Lastly, the removal of the support breakaway material can damage the product. Any of 

the mentioned situations transforms a printed green part into a scrap. In the second phase 

all the green parts with visible defects were collected to reach a kilogram of wasted 

material. Then, the collected material was shredded by means of a commercial grinder, 

until the size of the granulated feedstock reached the range from 3 to 5 mm to obtain 

stability during extrusion process minimizing air entrapment, which may generate defects 

in the production of a filament [57]. Prior to the extrusion phase, the granulated material 

was also dried in a vacuum furnace at 100°C for 60 mins in order to reduce the moisture 
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contained in the material [162] and to adequately prepare the granulated feedstock. 

Extrusion then occurred once thoroughly dry. The extrusion of the granulated scraps was 

enabled by means of a commercial machine, composed by a filament extruder and a 

spooler. The extrusion process parameters are reported in Table 7.1.  

Table 7.1: Process parameters of filament extruder and spooler. 

Nozzle 

temperature 
Nozzle diameter 

Gearmotor 

speed 
Puller speed Fan 

200 °C 2.85 mm 3 rpm 0.8 m/min OFF 

It was selected a nozzle temperature higher than the melting point of the primary binder 

(i.e., polyoxymethylene) to reduce the viscosity of the feedstock and to facilitate the 

extrusion phase. The fan was switched off to ensure a better control and stability of the 

extrusion of the filament. The extrusion process continued until the diameter of the 

filament reached a diameter of 1.7 ± 0.05 mm. A systematic control of the constant 

filament thickness was guaranteed, since the spooler was equipped with a filament 

diameter controller that automatically calibrate the extrusion. The filament portions, 

which did not comply with the specified tolerance, were collected and manually shredded 

before being inserted again in the hooper.  

After the recycling process for extending damaged green parts lifecycle, the secondary 

filament was extruded by means of a desktop 3D printer to obtain simple prismatic green 

parts, since the aim of this work is the assessment of a newly circular fabrication method.  

The last step concerns a catalytic debinding process with HNO3 (concentration 98%) at 

120 °C removed the primary binder from the green parts, resulting in a brown part, 

consisting of metal particles and a residual polymeric backbone. The subsequent sintering 

process at temperatures immediately below the melting point of the metal content 

removed the secondary binder and caused metal particle coalescence. The sintering cycle 

was performed in argon atmosphere and consisted of three thermal ramps, as reported in 

Table 7.2. 
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Table 7.2: Ramps of the sintering cycle. 

 Initial 

temperature 

Final temperature Ramp rate Holding time 

Ramp 1 Room 

temperature 

600 °C 5 °C/min 1 hour 

Ramp 2 600 °C 1380 °C 5 °C/min 3 hours 

Ramp 3 1380 °C Room 

temperature 

Furnace cooling - 

The virgin and recycled filaments were analysed by means of thermogravimetric (TG) 

analysis (Netzsch STA 449 F3 Jupiter). The TG analysis were conducted in N2 

atmosphere according to the thermal cycle reported in Table 7.3. An holding time of one 

hour at the temperature of 320°C was chosen to evaluate the degradation behaviour of 

POM [93], since it is the only binder component known in the filament composition.  

Table 7.3: Cycle for thermogravimetric analysis. 

 Initial 

temperature 

Final temperature Ramp rate Holding time 

Ramp 1 30 °C 320 °C 10 °C/min - 

Ramp 2 320 °C 320 °C 5 °C/min 60 min 

Ramp 3 320 °C 900 °C 10 °C/min - 

The internal structures of the primary and secondary filaments, green parts and sintered 

parts were analysed by means of a digital microscope (Keyence VHX-7000). Besides, the 

cross sections of the filaments were also observed by means of scanning electron 

microscope (Zeiss EVO 40). The particle size distributions of the metallic powders were 

estimated through image analysis of 15 SEM images for both filaments with the support 

of an image processing program. The cross section of sintered samples perpendicular to 

the building direction were polished up to 0.05 µm with alumina suspension and etched 

by Kalling II solution (2g CuCl2, 40 ml HCl, 40 ml Ethanol). The chemically etched 
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surfaces were observed using a digital microscope to analyse the microstructure and grain 

size. The densities of the secondary green and sintered parts were measured by 

pycnometer method.  

Lastly, to ensure a preliminary mechanical characterization of the samples, Vickers 

Hardness tests were conducted sectioning three samples along the growth direction of the 

layers. Sequentially, a 3 × 3 line grids on the sections of each sample was drawn in 

accordance to ISO 6507-1:2018 [142] . The tests were performed by means of a hardness 

tester UHL–VHMT. 

7.3 Results and discussions  

The TG analysis conducted on commercial and recycled polymeric filaments loaded with 

AISI 316L stainless steel powders gave the results graphically plotted in Figure 7.2. The 

evident gap in the vertical stroke of the curves is a direct graphical consequence of the 

holding time applied to the analysis at 320 °C. The thermogravimetric curves show an 

almost perfect overlap for the first portion of the curves, indicating an identical 

degradation behaviour of the primary binder (i.e., polyoxymethylene), contained in the 

filaments. Diversely, the mass loss of POM in the recycled filament is higher than that in 

the commercial one, with a difference of 0.6%. The melting point of polyoxymethylene 

is around 165 °C, while the recycling method was carried out at 200°C. Performing the 

extrusion phase at temperatures higher than the melting point of the primary binder led to 

a change in the final binder content of the recycled filament, with a total mass loss 

assessed around 10.4%, that is 0.6% higher compared to the commercial filament. The 

difference of the mass loss of polymeric content in both type of filaments precisely 

corresponds to the discrepancy of POM degradation in commercial and recycled 

filaments. Then, the slops in the second portion of the curves corresponds to the 

degradation phase of the backbone element. This change of slops started around 420°C, 

which corresponds to the degradation temperature of polypropylene (PP) [163]. It can be 

noticed the symmetricity of the slops in the second portion of both curves and a similar 

mass loss of PP around 0.9%.   
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Figure 7.2: TGA curves for commercial (blue line) and recycled (orange dashed line) 

filaments. 

The cross sections of the commercial and recycled filaments were reported in Figure 7.3a 

and b. Concerning the virgin filament, a perfect round shape can be observed; while, the 

recycled filament presents an irregular shape. After SEM analysis, the dark spots 

detectable in the cross sections of the filaments were confirmed as binder components in 

the form of segregates. It is possible to observe a lower amount of dark spots within the 

recycled filament, due to the higher mass loss of POM in this kind of feedstock, in 

accordance with the TG analysis. In Figure 7.3c and d, representative SEM images of the 

316L powders dispersed in the polymeric content are provided, showing a proper 

spherical morphology of the particles in both the considered filaments. Besides, the size 

distribution of the metal powders distributed in the polymeric matrix of the commercial 

and recycled filament are mentioned in Table 7.4. The average size of particles involved 

in MME is lower compared to those of the traditional metal AM technologies, such as 

Laser Powder Bed Fusion and Direct Energy Deposition, since a decrease in their size 

ensures an enhancement of the flowability during the extrusion phase of the filament. 

Concerning the recycling method, it seemed to slightly affect the particle size distribution 

in the commercial and recycled filaments, especially in D10 and D90 distribution. It is 

possible to notice that the median diameters of the particle number size distribution D50 

were almost identical, since the difference in average sizes settled around 2%. However, 

the detectable growth in deviations of the average distribution of smaller and larger 
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particles (i.e., D10 and D90) could be directly attributable to the recycling process. 

Indeed, this type of recycling process is characterized by the synergy between mechanical 

behaviour of metal powder during shredding and extrusion process and the heat input. 

The thermal component is generated by both the friction between material-material and 

material-equipment during shredding phase and from the heat contribution of the external 

source in extrusion phase. Despite that, the thermal transition during the shredding and 

extrusion steps could not led to any dimensional change of powders, given that the 

temperature experienced during the filament extrusion process was definitely lower than 

the sintering window of the AISI 316L stainless steel. Therefore, the deviations in D10 

and D90 distributions were ascribed to the mechanical component of the recycling 

process. In particular, the higher values of almost 10% of D10 distribution in the recycled 

filament compared to the commercial filament suggest a possible loss of very fine 

particles during shredding and extrusion operations. An explanation of this loss can be 

linked to the volatility of these smallest and lighter particles, which can disperse during 

mixing. On the contrary, a reduction in the D90 distribution of particles was detected in 

the case of recycled filament compared to the commercial one, as they are more easily 

involved in the cutting action experienced during the shredding phase. 
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Figure 7.3: Cross sectional micrographs of commercial (a) and recycled (b) filaments; 

SEM micrographs of commercial (c) and recycled (d) filaments. 

Table 7.4: Particle size distribution of commercial and recycled filaments. 

 Commercial filament Recycled filament Deviation 

D10 3.735 µm 4.108 µm 9.1 % 

D50 11.364 µm 11.643 µm 2.4 % 

D90  21.616 µm 18.964 µm -14.0 % 

 

The measured densities for primary and secondary green parts were 4.07 and 4.33 g/cm3, 

respectively. The difference of 0.26 g/cm3 was a direct consequence of the polymeric 

content breakdown during the extrusion phase of the recycled filament. This result hints 

lower volumetric shrinkage for secondary metallic components compared to samples 

obtained by commercial feedstocks.  

a) b) 

c) d) 
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A qualitative analysis of primary and secondary green parts was conducted in Figure 7.4. 

The specimens fabricated with the recycled filaments presented a larger content of voids 

within the deposited loads, both in vertical and side views. Again, a lower content of 

polymeric binder caused a decrease in the secondary green parts quality, visible with 

voids and jagged surfaces.  

  

  

Figure 7.4: Optical micrographs of the Top view of primary (a) and secondary (b) 

green parts; optical micrographs of the Side view of primary (c) and secondary (d) 

green parts. 

The recycled metal samples exhibited an apparent density of 7.52 g/cm3, which 

corresponds to the 94% of the density of monolithic AISI 316L. A comparison among 

density value of the samples obtained using recycled and commercial feedstocks and the 

percentage value in comparison to the monolithic material are reported in Table 7.5. From 

the comparison among the density value found in literature, the proposed methodology 

ensured promising results in terms of final physical properties of the secondary metal 

samples fabricated, since no clear difference can be detected from the matching.  

  

a) b) 

c) d) 
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Table 7.5: Comparison of apparent density among 316L specimens fabricated by means 

of the MME technique. 

 Apparent density Relative density 

This work  7.52 g/cm3 94% 

Quarto et al. [136] 7.58 g/cm3 95% 

Liu et al. [116] 7.36 g/cm3 92.2% 

Gong et al. [114] 7.85 g/cm3 98.5% 

Kurose et al. [115] 7.43 g/cm3 92.9% 

Ait-Mansour et al. [117] 7.63 g/cm3 95.4% 

The microstructures of primary and secondary sintered parts are reported in Figure 7.5a 

and b. No dissimilarities were detectable between the two microstructures, since both type 

of samples underwent the same sintering conditions. Indeed, the sintering phase is the 

most influential process for the final microstructure of the metal components realized by 

means of multi-step MME technique. In general, the proposed microstructures were 

primarily composed by equiaxed austenite grains with an average size in the range of 30 

and 60 µm and limited pores, which can be observed within the austenitic structure. The 

specific thermal process of this technique modified the microstructure of ME 316L 

samples, since the high temperature of sintering promoted the coarsening of the grain 

size. Monolithic 316L microstructure comprises austenitic grain with lower dimension. 

Besides, the presence of twin boundaries and a relevant amount of δ-ferrite along the 

grain boundaries seemingly opposed to fully austenitic phase when processed by 

conventional manufacturing methods. The twin crystal structures can be recognized by 

parallel bands with different contrast. The boundaries separating the twins have a very 

low energy per unit area and therefore, the twin-boundaries tend to be flat, becoming a 

preferential site for crack initiation. The δ-ferrite resulted from high temperature and 

subsequent fast cooling rate in the sintering cycle since a sufficient period was not 

achieved for the completion of the phase transformation from δ to γ ferrite. Thus, 

exceeding presence of δ-ferrite was retained in the austenitic matrix, as also confirmed 

by an XRD analysis performed in a previous work [164]. Additionally, the presence of δ-
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ferrite was promoted by ferrite former, such as silicon. According to EDS compositional 

analysis, SiO2 inclusions were found in both primary and secondary sintered samples. 

During the atomization process to fabricate spherical metal powders, a limited percentage 

of silicon is often added to prevent oxidation by forming a thin silica films that cover 

metal powders [132]. Lastly, no preferential orientation of the grains could be found, 

suggesting an independency of MME sintered samples from the building direction of the 

deposited layers. 

  

Figure 7.5: Digital-microscope micrographs of etched cross-section of primary (a) and 

secondary (b) sintered samples along building directions of samples. 

Considering the preliminary mechanical characterization, the average Vickers hardness 

value was 138.1 ± 5.1 HV, which was approximately 11% lower with respect to the 

monolithic AISI 316L. Matching the aforementioned value with the Vickers hardness of 

sintered parts obtained from  AISI 316L commercial feedstocks (Table 7.6), a significant 

hardness value was experienced. Besides, it can be noticed that this mechanical property 

is nominally the same similar to the sintered density, which is almost independent of the 

recycled state of the metal samples considered. This is expected as density is generally a 

proper indication of the mechanical properties of porous material, such as samples 

fabricated by means of MME technique. These evidences could suggest the possibility to 

register even considerable mechanical properties concerning dissimilar tests performed, 

such as tensile, compressive and bending tests and it is partially confirmed by the 

estimated value of UTS obtained from the conversion tables, reported in the right column 

of Table 7.6. Lastly, the low value of standard deviation guaranteed the uniform 

Austenitic 

grain  

a) 

Twin 

boundaries 

δ-ferrite 

b) 
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distribution of the Vickers hardness values along the growth direction, suggesting the 

homogeneity of the material. 

Table 7.6: Comparison of Vickers hardness values among 316L specimens fabricated 

by means of the MME technique. 

 Vickers Hardness Other scales UTS 

This work  138.1 ± 5.1 HV  445 MPa 

Carminati et al. [164] 132.2 ± 3.8 HV  425 MPa 

Gong et al. [165] 105.9 HV 60 HRB 335 MPa 

Liu et al. [116] 145.2 ± 6.7 HV  335 MPa 

AISI 316L (MatWeb, n.d.) 155 HV  465 MPa 

7.4 Conclusion  

This study introduced a preliminary recycling methodology for the reuse of defected 

green parts for MME technique. The proposed recycling methodology concerned the 

development of a recycled filament to manufacture metal samples starting from scraped 

green parts collected following the development of defects due to printing process issues. 

The TGA demonstrated a partial influence of the filament extrusion process, since a 

higher mass loss for the recycled filament occurred in comparison to the commercial 

filament. The recycling method did slightly affect the metallic particles size distribution, 

narrowing the distribution span in the recycled filament. As a consequence of the binder 

content breakdown, the secondary green parts exhibited a density of 0.26 g/cm3 higher 

than the primary green part. The effects of the recycled feedstock on the apparent density, 

microstructure and hardness of secondary sintered parts were also investigated and 

directly compared to the available reference of the primary sintered parts. The apparent 

density seemed not to be influenced by the use of recycled filament, since a significant 

value of 7.52 g/cm3 was achieved, which is on average when compared to apparent 

density reached with MME technique. Consequently, the microstructure and the 

mechanical properties of secondary sintered parts are nominally constant since the 

recycled method only affected the polymeric content of the filament. Any difference 

could be noticed in the microstructure of primary and secondary sintered parts; instead, 
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samples printed by means of metal material extrusion remarkably differed from 

monolithic material in terms of microstructure, since coarsening of austenitic grains, twin 

boundaries and δ-ferrite phase prevailed. Vickers hardness value settled around 138.1 ± 

5.1 HV, ensuring a great reliability of the mechanical response of sintered parts fabricated 

with recycled filament with respect to primary sintered samples.  

The proposed methodology marked a new milestone in the development of MME 

technology, since the preliminary structural and mechanical assessment of sintered parts 

manufactured with a recycled metal polymer filament was proved. The closed loop 

process enhanced the environmental and economical benefits of this technique, compared 

to traditional metal AM technology, such as Laser Powder Bed Fusion and Direct Energy 

Deposition. Further improvements are required to boost the diffusion of this recycling 

process. The volumetric shrinkage needs to be assessed to guarantee the geometric 

accuracy of the final products. Besides, further mechanical tests are necessary to validate 

the preliminary mechanical characterization performed. Lastly, the verification of any 

possible of properties degradation, both structural and mechanical, should be pursued 

with the increase of number of reuse cycles.  
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8 General conclusions  

Metal Material Extrusion is an attractive alternative to traditional metal Additive 

Manufacturing technology for the fabrication of metal components. The advantages 

concern the use of low cost equipment and the low budget necessary for the raw 

feedstock. Besides, the raw feedstock is typically supplied in the form of filaments, which 

considerably increase the safety in handling compared to volatile and micrometric 

powder. Lastly, this newly method is less energy-intensive with respect to other additive 

technologies producing metal products. Regardless of the remarkable advantages, the 

technology requires extensive studies and analysis to minimize its drawbacks and defects, 

especially in terms of physical and mechanical properties. The complete evaluation of the 

multi-process, including shaping, debinding and sintering phases as well as any 

subsequent thermal processes, is very important for the industries, since it allows to 

spread this interesting technology for dissimilar fields throughout the optimization of the 

process parameters to obtain the best performances in terms of process and product 

characteristics. 

In the first section of this research, an extensive physical analysis on 316L samples 

fabricated via ME was conducted. The objective was to investigate the possible influence 

of some relevant ME printing parameters on dimensional shrinkage and bulk density of 

the sintered samples on the basis of a statistical analysis. The best combination of process 

parameters resulted from the conducted analysis (i.e., Lines as infill pattern, extrusion 

speed set to 20 mm/s and 0.1 mm as layer thickness) ensured the achievement of an 

apparent density equal to 95% of that of the monolithic 316L. Besides, this combination 

generated less than 3% of open porosity, which is the most critical defect of a component 

made additively. The open porosity is an outcropping defect that significantly undermines 

the mechanical response to the tensile and compressive loads applied in comparison with 

the close porosity.  

The study also outlined the anisotropic dimensional shrinkage of metal parts following 

the sintering process, since the shrinkage along Z axis was 25% greater than X and Y 

shrinkages.  

After the structural assessment of sintered parts, an overall mechanical characterization 

was provided by performing tensile tests, compression tests, bending tests, Charpy impact 

tests, Rockwell B and Vickers hardness tests. A mechanical evaluation of ME 316L 
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samples was necessary to frame the functional perspective of the metal components for 

different manufacturing areas, especially for critical uses and high value-added 

applications. 316L ME specimens registered lower values in terms of strength, stiffness, 

resilience and ductility compared to those of the monolithic AISI 316L. The deterioration 

of the mechanical properties was attributed to the 5% of porosity within the metal matrix 

and to the presence of δ-ferrite phase retained in the austenitic structure. Besides, the 

hardness tests demonstrated the homogeneity of the material since the hardness value 

were distributed uniformly along the growth directions of the layers.  

Once the completion of both physical and mechanical characterization of 316L samples, 

the attention shifted to another relevant stainless steel from an industrial point of view. 

AISI 630 is a martensitic stainless steel which could be hardened following solution and 

aging treatments. Different thermal treatments induce dissimilar mechanical properties as 

for strength and ductility. The study demonstrated that solution and aging treatments 

enhanced the mechanical characteristics of AISI 630 ME samples reducing the 

differences with respect to the corresponding values of tempered monolithic ones. In 

particular, the peak-aged treatment (H900) ensured the highest yield and ultimate tensile 

strength. Over-aged treatment (H1150) led to an improvement of the ductile behaviour of 

the specimens, compared to the sintered ones. In general, the sintered samples unexposed 

to any post thermal treatments exhibited the worst mechanical properties. Besides, SEM 

observation revealed a common fracture behaviour, which occurs to the interface between 

two adjacent layers, regardless of the conditions of the samples exposing one of the main 

issues related to the deposition phase of Material Extrusion.  

Lastly, the analysis focused on the sustainable aspects of metal ME technique. As a novel 

technology, metal ME generates scraps, due to still existing process inefficiencies, which 

increase the total costs of fabrication and undermine its economic competitiveness. the 

circular economy of a newly additive process has been assessed with a focus on the reuse 

and the remanufacture of wasted products. Particularly, the reuse of defective green parts 

of metal ME technique was investigated to assess a circular manufacture of metallic parts. 

A filament was fabricated starting from scrapped green parts as raw feedstocks with a 

commercial extrusion system to print secondary green parts. A comparison between 

commercial and recycled filaments was carried out. Besides, the polymeric content was 

studied by means of macrographic and thermogravimetric analysis, while a particle size 
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distribution analysis was proposed to evaluate any change in metal powders sizes. The 

recycled feedstock did not influence the sintered density of secondary specimens, even 

because any difference between the microstructure of primary and secondary sintered 

parts occurred.  

Furthermore, preliminary mechanical evaluations of the secondary metallic samples were 

proposed suggesting the technical feasibility of the proposed circular fabrication process. 

Further steps will involve the study and the development of new deposition strategies to 

minimize the overall porosity generated within the polymer/metal matrix during the 

printing process. Besides, the fatigue behaviour of metal samples fabricated by means of 

this innovative additive technique represents a topic of interest that requires in-depth 

analysis.  
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