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I.    Summary 
 
 

I.I     Introduction 
 
 

Additive manufacturing, or 3D printing, is the construction of a three-dimensional 

object from a CAD model or a digital 3D model [1]. The term "3D printing" can 

refer to a variety of processes in which material is joined or solidified under 

computer control to create a three-dimensional object [2], with the material being 

added together (such as liquid molecules or powder grains being fused), typically 

layer by layer. 

 

In the 1990s, 3D printing techniques were considered suitable only to produce 

functional or aesthetic prototypes, and a more appropriate term for it at the time 

was rapid prototyping [3]. As of 2019, the precision, repeatability, and material 

range of 3D printing has increased to the point that some 3D printing processes 

are considered viable as an industrial-production technology, whereby the term 

additive manufacturing can be used synonymously with 3D printing. One of the 

key advantages of 3D printing is the ability to produce very complex shapes or 

geometries that would be otherwise impossible to construct by hand, including 

hollow parts or parts with internal truss structures to reduce weight [4]. 
 

In this study, two states of the art Powder Bed Fusion (PBF) additive 

manufacturing technologies, Multi Jet Fusion and Selective Laser Sintering, are 

compared, mainly in their mechanical properties of the produced final parts. The 

thesis is carried out in collaboration with the Fiat Chrysler Automobiles EMEA 

PD Additive Manufacturing Centre and the Integrated Additive Manufacturing 

(IAM@PoliTO) Center of Politecnico di Torino. 
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I.II     Objectives 
 

 

The two technologies studied in this thesis have many differences in the process 

flow, the processing time, etc. However, the main focus of this thesis was on the 

mechanical properties of the final products. In additive manufacturing, which is 

a method of production layer by layer, the mechanical properties are assumed to 

vary in different orientations. In this thesis, nine different orientations are 

considered for the production of the specimens by each technology, and these 

specimens are used in tensile tests to obtain the experimental values of the 

mechanical properties. The tensile test provides a lot of information regarding the 

mechanical properties such as ultimate tensile strength, the elastic modulus, the 

elongation at break, etc. These mechanical properties are crucial for predicting 

the behavior of the final product in the designed applications. 

 
 
I.III     Main Results 
 

 

Regarding the results obtained after 90 tensile tests carried out on the specimens 

for the two technologies, some similarities and some differences are noticeable in 

the comparison charts reported for each mechanical property in this study. 

According to the results, the main differences are related to the Elastic Modulus 

values, which for the SLS specimens, they are much higher than the values for 

the MJF specimens, and the Elongation at Break percentage, in which the SLS 

specimens show much more different behavior in different orientations of the 

production. This is very important in the part design process, since in this case for 

example the specimen produced in any of the Z-axis directions (ZD, ZX, and ZY) 

cannot be used in the condition which requires a fair amount of deformability. In 

this case, the material will show a sudden brittle fracture. 
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I.IV    Abstract 
 

This work aims to compare the two state of the art Powder Bed Fusion 

Technologies, mainly from the mechanical properties point of view. For making 

a good comparison of the two technologies, five stages have been followed in this 

thesis. 

In the first stage, an adequate standard for the tensile test, and for the specimen 

used had to be chosen. This stage is very important because the chosen standard 

can affect the values of some of the results, and by considering a standard which 

is not used by the other institutes or laboratories, the value of the work and results 

will decrease, since they cannot be compared to the results of the other works 

related to these technologies. 

In the second stage, the specimen had to be designed according to the standard. 

Nine different printing orientations had been chosen, and consequently, a specific 

name was given to each of the designed specimens for each of the printing 

orientation. 

The third stage consists of preparing the job in the HP Jet Fusion 4200 and the 

SLS 3d printer FORMIGA P 110, and finally printing the 45 specimens in 9 

different orientations for each of the two technologies. After the cleaning process, 

the parts were ready for the tensile tests. 

In the fourth stage, all the specimens had to undergo a tensile test. With the help 

of MATLAB and the Force-Elongation data received from the tensile testing 

machine, the final stress-strain curves were obtained. 

In the fifth and final stage, after reporting the values of each mechanical properties 

in the comparison bar charts, comparing the values and obtaining the final results 

were done with a lot of care and attention. 

It has to be mentioned that this work was a collaboration of the Fiat Chrysler 

Automobiles EMEA PD Additive Manufacturing Centre with Politecnico di 

Torino Integrated Additive Manufacturing (IAM@PoliTO) Center, and the 

parameters used in the production phase of the specimens, such as the mixed 

powder ratio, the printing speed, etc., were the ones used in the real industrial 

condition, and not necessarily the same as the parameters used by the 

manufacturers of the powders and the machines to obtain the datasheets of their 

products. 
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1. Introduction to Additive Manufacturing 
 
 
 
1.1.    Additive Manufacturing technology 
 

 

The term “additive manufacturing (AM)” references technologies that grow 

three-dimensional objects one superfine layer at a time. Each successive layer 

bonds to the preceding layer of melted or partially melted material. It is possible 

to use different substances for layering material, including metal powder, 

thermoplastics, ceramics, composites, glass, and even edibles like chocolate [5]. 

 

Objects are digitally defined by computer-aided-design (CAD) software that is 

used to create .stl files that essentially "slice" the object into ultra-thin layers. This 

information guides the path of a nozzle or print head as it precisely deposits 

material upon the preceding layer, or a laser or electron beam selectively melts or 

partially melts in a bed of powdered material. As materials cool or are cured, they 

fuse to form a three-dimensional object [5]. 

Although the terms "3D printing" and "rapid prototyping" are casually used to 

discuss additive manufacturing, each process is a subset of additive 

manufacturing [5]. 

 

 
Figure 1.1 – The 3d printing technology schematic steps [6] 
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AM technologies have expanded vastly over more than 20 years of its history 

(beginning with the initial commercialization of stereolithography in 1987). 

Originally seen as most suitable for rapid prototyping (RP), these processes are 

no longer exclusively used for that purpose. With the advent of new materials 

along with new processes, each technology has been contributing to the 

diversities in different fields of application [7] (see figure 1.2). 

 

 
Figure 1.2 – Global Additive Manufacturing segmentation [8] 

 

The emergence of 3D-printed components has generated significant new 

opportunities in the aerospace, automotive, medical devices, and tooling 

industries to name a few [9]. 

 

 
Figure 1.3 – Using Additive Manufacturing parts in the industries [10] 
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During the last 20 years, intensive research efforts have been focused primarily 

on the so-called high-end additive processes and above all on stereolithography 

(SLA) and selective laser sintering/selective laser melting (SLS/SLM) 

technologies, exploring various issues mostly related to process control and 

material property improvement [7]. 

In recent years, three-dimensional printing (3DP) came to the foreground as a 

very competitive process in terms of cost and speed [7]. Additive Manufacturing 

market size is anticipated to grow even more during the coming years (figure 1.4). 

 

 
Figure 1.4 – The Additive Manufacturing Market size anticipation [11] 

 

From a study in 2016 by Frost & Sullivan's Global 360° Research Team, the 

market of additive manufacturing will face considerable growth until 2025 [12] 

(see figure 1.5). 

 
Figure 1.5 – The revenue generation anticipation for the future of Additive manufacturing 

(2015-2025) [12] 
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Since its announcement, a large variety of 3DP techniques have been introduced 

into the AM industry. All these techniques have their roots in inkjet printing 

technology, and the use of a printer head is the only element they have in 

common. This printer head – in whatever version it might be applied – serves to 

shoot either droplet of binder or liquid-to-solid compound, and so it forms a layer 

of an object model. The shooting of droplets of the actual building material 

(liquid-to-solid compound) in DoD mode is known as a drop-on-drop deposition, 

while the shooting of droplets of binder on the powder material is called drop-on-

powder (DoP), or drop-on-bed (DoB) deposition [7]. 

 

With the larger selection of materials available today, as well as the wide variety 

of post-treatment procedures, the scope for Additive Manufacturing technology 

is growing quickly, far beyond the original idea of generating design iterations or 

inexpensive metal parts directly from a computer-aided design (CAD) file [7].  
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1.2.    Powder Bed Fusion 
 

 

Powder bed fusion (PBF) is a subset of additive manufacturing (AM) whereby a 

heat source (eg, laser, thermal print head) is used to consolidate material in 

powder form to form three-dimensional (3D) objects. The heat source is applied 

to particles contained within a powder bed, which gradually indexes down as each 

layer is completed and new powder is spread over the build area. 

Powder Bed Fusion techniques share the basic principles of all AM techniques 

(eg, layer-by-layer fabrication directly from 3D model data) as well as common 

advantages such as cost-effective customization and reduced assembly [13]. 

 

 
Figure 1.6 – Schematic of the printing process for a PBF technology (SLS in this case) [14] 

 

Polymer PBF processes have a significant advantage over many other AM 

processes in that they do not require support structures since overhangs and 

unconnected islands are supported by the surrounding unfused powder bed (see 

figure 1.7). This allows more complex geometries to be produced, as removal of 

support structures after the build does not need to be considered [13]. 
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Figure 1.7 – Schematic illustrating the ability of polymer powder bed fusion to produce parts 

with overhangs and unsupported islands without support structures (left) compared with 

other AM processes, for example, fused deposition modeling (right), in which these structures 

must be supported during the build process [13]. 

 

The lack of support structures also means that parts can be stacked freely in the 

powder bed, increasing the number of parts that can be produced in each build 

and thus increasing productivity (see figure 1.8). However, there are some design 

limitations in terms of the removal of unfused powder from trapped volumes (eg, 

enclosed pores) and fine channels. Another advantage of PBF techniques is the 

wide range of materials that can potentially be processed: Any material that can 

be melted and resolidified can, in theory, be used with PBF techniques [13]. 

 

 
Figure 1.8 – A typical laser sintering build set-up consisting of multiple individual parts. 

Because no support structures are required, parts can be placed freely in the entire build 

volume without being connected to the part below [13]. 
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Table 1.1 shows the classification of Powder bed fusion technologies. The thesis 

aims to make a comparison of the first two technologies from the top, Multi Jet 

Fusion (MJF) and Selective Laser Sintering (SLS). 

 

 
Table 1.1 – Classification of Powder bed fusion/additive manufacturing technology [15] 

 
 
 
 
1.3.    SLS – Selective Laser Sintering 
 
 

Laser sintering is one of the most common and widely accepted AM processes. It 

produces parts by selectively fusing individual layers of powdered material using 

a laser (typically a carbon dioxide laser) [13]. 

 

Figure 1.9 – Schematic of a simplified laser sintering technology [13] 
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An STL file of the part to be fabricated is sliced into cross-sectional layers. A 

layer with a thickness of 100 to 150 mm is commonly used. The powder is spread 

over the build platform and leveled using a roller, recoating blade, or alternative 

device [13]. Before commencing fabrication of a part or series of parts, the 

powder bed is normally heated gradually from room temperature to the desired 

processing bed temperature, typically throughout 1 to 2 h, depending on the final 

temperature to be reached [13]. This is known as the ‘warm-up’ phase. The 

powder bed continues to be heated during the processing phase. Processing begins 

with the build platform, which is moveable in the z-direction, indexing down by 

one-layer thickness and the spreading of a thin layer of powder over the build 

area. Selected regions of this powder layer are fused by the laser according to the 

cross-sectional data from the STL file. The platform is lowered, and a fresh layer 

of powder is spread over the previously scanned layer [13]. A scan corresponding 

to the next cross-sectional layer of the part causes powder particles to fuse within 

that layer and to the underlying layer, where required. These processing steps are 

repeated until the 3D part is completed [13]. During part production, laser 

sintering does not require structures to support overhangs because the un-melted 

powder within the powder bed supports the melted polymer [13]. Upon 

completion of the parts, the powder bed and the parts contained within it (often 

referred to as the ‘part cake’) are allowed to cool down before being removed 

from the build chamber [13]. The un-sintered powder can be reused to a certain 

extent depending on the type of polymer [13]. The manufactured parts can now 

be used or refined in conformance with their proposed application [13]. 

 

A few different process parameters can be modified, including laser parameters 

(e.g. laser power and scan speed) and build parameters (eg, layer thickness) [13]. 

The most modified parameters are described in Table 1.2. 
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Table 1.2 – Laser sintering process parameters [13] 

 

In the laser sintering process, the laser rapidly scans across the powder bed, and 

the primary fusion of the particles takes place over a short period with no 

mechanical pressure applied [13]. The part is then cooled slowly, usually over 

several hours (up to 12 hours); a complex series of events affects the exact cooling 

rate of each part [13]. The combination of these factors can make consolidation 

of many polymers challenging. For semi-crystalline materials, the powder bed is 

typically heated to just below the melting temperature and held at this temperature 

throughout the process (often referred to as the ‘bed temperature’) [13]. This 

means that during exposure, the laser is only required to contribute the remaining 

amount of energy needed to exceed the phase transition and thus selectively melt 

the material. It also helps to prevent early crystallization of the molten polymer, 

which could result in localized shrinkage and part distortion [13]. 

 

Laser power is one of the main parameters in the process. Its magnitude depends 

upon the type of materials processed. Polymers could be processed in 5 W while 

for ceramics, 500 W could be needed. SLS/SLM machines are equipped with a 

laser of power from 50 to 400 W [16]. The selection of power is not done 

independently but depends upon other process parameters and spot size. For the 

same laser power, with a decrease in spot size, higher laser energy density is 

achieved, which could be used to process higher melting point materials. Laser 

power also depends upon our aim with powders [16]. If we want to completely 

melt it, then more power is required [16]. Using higher laser power than required 

may ablate the metallic powder and degrade the polymer powder so finding a 
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process window for a given material is important [16]. To carry out process 

control in the system, laser power has been mostly used as a controlling parameter 

to cause change into the system online [16]. If the melt pool width changes from 

the predefined value, laser power is automatically varied (increased or decreased) 

to control the size of the melt pool. If the aim is to melt the powder partially then 

less power is required [16]. This gives rise to consistency in mechanical properties 

and the dimension of the part fabricated by melting powders [16]. However, it is 

not the laser power alone that creates the size of the melting pools, but this in 

conjunction with other process parameters such as speed, layer thickness, 

hatching distance, etc [16]. 

 

CO2, Nd:YAG, and fiber lasers are mostly used in SLS/SLM [16]. Their 

wavelengths are 10.6, 1.06, and w1.08 mm (from 1.07 to 1.09), respectively. The 

selection of laser depends upon their power, mode of operation, beam quality, and 

absorptivity by powders [16]. Polymer and ceramics (oxides) absorb CO2 much 

while metals and ceramics (carbides) absorb Nd:YAG more. In other words, a 

smaller wavelength is absorbed by metals and their alloys while a larger 

wavelength is absorbed by polymers [16]. Consequently, the machines meant for 

processing polymers will use CO2 while for processing metals, Nd:YAG or fiber 

laser is used. In the case of a mixture of powders, the selection of laser is governed 

by the type of powder primarily processed [16]. For example, for processing 

polymer-coated ceramic, where a laser is used to melt polymer to bind ceramics, 

CO2 is used [16]. In the case of processing WC–Co mixture, where the laser is 

used to melt Co to bind rest WC, Nd:YAG or fiber laser is more suitable [16]. 

 

Another important parameter to mention is the Scanning strategy, which is a 

method of scanning a powder bed with a laser beam to increase the fabrication 

speed and product quality [16]. Good scanning strategy makes the resultant 

products free from distortion, warp, anisotropy, inaccuracy, and porosity [16]. It 

generally consists of two types: fill scan and contour scan [16]. Fill scan is used 

to scan across all areas while a contour scan is used to do scanning at boundaries. 

A typical example is shown in figure1.10 where a fill scan is a parallel scan and 

a contour scan is done by scanning once at boundaries [16]. The first diagram of 

figure1.10 shows a parallel scan in one direction while the second diagram shows 
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a parallel scan with a change in direction at an alternate scan. Scanning time in 

the first diagram will be more than in the second diagram [16]. It is because, in 

the first diagram, the laser always starts scanning from the same side, which 

means the laser has to travel back to the same side after each scan without 

scanning [16]. This is not the case in the second diagram where the laser can do 

continuous scanning [16]. Parallel-line scan mode is easy to program/implement 

and is the most commonly used scan mode in SLS/SLM. These lines could be 

parallel to the x-axis or y-axis or making some angle (e.g., 45) with these axes 

[16]. Scanning in a line produces shrinkage stress and anisotropic strength. For 

making a part in parallel-line scan mode, scanning direction in every successive 

layer is changed by 90 degrees to decrease the anisotropic buildup [16]. 

 

 
Figure 1.10 – Parallel-line scan mode in the same and alternate directions [16] 

 

The cost of an SLS product depends mainly upon the machine, time, and powder 

[16]. Since the cost of the machine and powder is high, products are expensive 

[16]. It is expected that some patents related to system development will expire 

shortly leading to an increase in the number of system manufacturers. It will 

decrease the cost of the machine and the product will become relatively cheaper 

[16]. 

The development and production of powder are more expensive than the cost of 

a bigger block of the same material. Powders specially developed for SLS/SLM 
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process are far more expensive than the general powders [16]. Powders provided 

by SLS/SLM manufacturers are optimized for a given machine and come up with 

suggested parameters for processing [16]. The total compositions of these 

powders are not disclosed, and these are patented powders [16]. It is unlikely that 

the cost of these dedicated powders will decrease unless there is strong 

competition from other vendors [16]. 

 

EOS SLS Polymer Materials: 

 

At EOS, there are exceptional materials expertise and a comprehensive portfolio 

of highly developed plastic and polymer materials (3D printing materials) for 

laser sintering in additive manufacturing [17]. 

 

The following 3D printing materials are available for the additive manufacturing 

of plastic products: polyamides (PA), polystyrenes (PS), thermoplastic elastomers 

(TPE), polypropylene (PP), and polyaryletherketone (PAEK) [17]. EOS offers a 

comprehensive selection of materials for the production of plastic parts with 

additive manufacturing processes. This allows highly customized products to be 

manufactured in first-class quality [17]. Two of the most common choices among 

these materials are described in the following. 

 

1. White polyamide 12 powder, also known as nylon, is the most tested material 

for additive manufacturing on the market. Parts made from nylon are robust, 

stable for long periods, chemically resistant, and extremely versatile [18]. EOS 

materials based on polyamide 12 are a high-performance alternative to plastics 

like ABS or PA6 that have proven their value in injection molding [18]. This cost-

efficient general-purpose material is suitable for a variety of applications, 

including functional prototypes and qualified series production parts from the 

industry [18]. There are several types of the Polyamide 12 powders produced by 

EOS, such as PA 2200, PA 2201, PA 2241 FR (Flame-Retardant), PA 2210 FR, 

PA 3200 GF (Filled With Glass Beads), Alumide® (Filled With Aluminum), PA 

640-GSL (Filled With Glass Beads and Carbon Fibers) [18]. 
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Table 1.3 – Results for EOS Polyamide 12 (PA 2200) [18] 

 

2. The high-performance plastic polyamide 11 (PA 11) is made from 100% 

renewable castor beans. PA 11, also known as nylon, is chemically and 

mechanically heat-resistant and is ideally suited for highly technical applications 

thanks to its durability [19]. EOS materials of this class are an efficient, impact-

resistant alternative to the plastics ABS or PA6, which have proven their value in 

injection molding. This material is ideally suited for producing functional 

elements that require high material strength (e.g. living hinges) and/or impact 

resistance. Therefore, components for which fragmentation is inadmissible (e.g. 

in the interior of vehicles) are among the typical fields of application [19]. 

 

There are several EOS materials of this class, such as PA 1101 (White), PA 1102 

(Black), HP 11-30 (High-performance filled With Carbon Fibers), and FR-106 

(Flame-Retardant). The results of the mechanical properties and other 

characteristics for the EOS Polyamide 11 (PA 1102 Black) are reported in the 

datasheet provided by the producer (see Table 1.4). 
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Table 1.4 – Results for EOS Polyamide 11 (PA 1102 Black) [19] 

 

 

 
1.4.    Multi Jet Fusion – HP 3D printing technology 
 

 

HP Multi Jet Fusion technology offers speed advantages and control over part and 

material properties beyond those found in other types of Powder Bed Fusion 

technologies [20]. 

 

The build begins by laying down a thin layer of powdered material across the 

working area. The material re-coater carriage scans from top-to-bottom [21]. 

Next, the printing and fusing carriage with an HP thermal inkjet (printhead) array 

and energy sources scans from right-to-left across the working area (see figure 

1.11) [21]. The leading energy source preheats the working area immediately 

before printing to provide consistent and accurate temperature control of each 

layer as it is printed [21]. The printheads now print functional agents in precise 

locations onto the material to define the part’s geometry and its properties. The 

printing and fusing carriage now returns left-to-right to fuse the areas that were 

just printed [21]. 



22  

At the ends of the scans, supply bins refill the re-coater with fresh material (see 

figure 1.11), and service stations can test, clean, and service the printheads on the 

printing and fusing carriage as needed to ensure reliable operation [21]. 

After finishing each layer, the surface of the working area retracts about the 

thickness of a sheet of office paper, and the material re-coater carriage scans in 

the reverse direction for optimum productivity [21]. 

 

 
Figure 1.11 – Schematic of HP Multi Jet Fusion synchronous printing architecture [21] 

 

The process continues layer-by-layer until a complete part, or set of parts is 

formed in the build unit (figure 1.12) [21]. 

 

 
Figure 1.12 – Schematic of HP Multi Jet Fusion printing process, cross-sectional views (for 

each specific HP MJF machine model, some steps may differ in the process) [21] 

 

The process begins by recoating the material in a thin layer across the work area, 

as shown schematically in figure 1.12 (a) [21]. 
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figure 1.12 (b) represent what happens on the first scan of the printing and fusing 

carriage. The temperature at multiple points across the work area has been 

measured, and in figure 1.12 (b) energy is applied to the fresh layer to control the 

material temperature immediately before printing agents [21]. 

In figure 1.12 (c), the fusing agent (“F”) is selectively printed where particles 

should be fused [21]. 

In figure 1.12 (d), the detailing agent (“D”) is selectively printed where the fusing 

action will be either reduced or amplified. In this example, the detailing agent 

reduces fusing at the boundary to produce a part with sharp and smooth edges. 

In figure 1.12 (e), the material is exposed to fusing energy, and selected areas now 

fuse. The fused material bonds to the layer below if that layer was fused on a 

previous cycle. Because HP Multi Jet Fusion technology can produce parts with 

Z-axis tensile strength comparable to the tensile strength in the X and Y planes, 

it overcomes the limitation of reduced Z-axis strength found in some other 3D 

printing technologies [21]. 

figure 1.12 (f) shows the fused and unfused areas at the edge of a part. The 

working area now retracts in preparation for the next recoating, printing, and 

fusing cycle [21]. 

figure 1.12 is a general overview of the process steps in HP Multi Jet Fusion 

technology. In specific HP Jet Fusion 3D printers, the order of steps may be 

rearranged and additional agents such as transforming agents may be applied 

during printing [21]. 

 

One of the big potentials foreseen for multi Jet fusion is the possibility of adding 

Voxels during the printing phase. The 3D analog of the pixel is the voxel, for 

“volume element.” In 2D printing, pixels are arranged on a surface in a regular 

grid. In 3D printing, voxels are also printed in a regular 2D grid, and a voxel has 

depth. The voxels form a thin layer that is the image of a part’s cross-section, and 

many such layers are stacked to form a 3D object. Specifying the properties of 

each voxel defines a 3D-printed part point-by-point over its surfaces and within 

its volume [21]. 

An analogy between printing pixels in a monochrome image and printing voxels 

by conventional 3D technologies highlights the advanced capabilities of HP Multi 

Jet Fusion technology. In 2D printing, multiple inks (cyan, magenta, yellow, and 
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black) can be combined in pixels to print an image with a wide range of colors. 

Using multiple agents, HP Multi Jet Fusion prints voxels with a range of physical 

and functional properties including color [21]. 

Figure 1.13 shows a 2D pixel and two (2) 3D voxels printed in layers 80 microns 

thick. HP Multi Jet Fusion technology can print up to 1200 voxels per linear inch 

in each layer [21]. Figure 1.13 illustrates the analogy between monochrome 2D 

pixel printing and conventional 3D binary voxel printing [21]. HP Multi Jet 

Fusion voxels are shown in color to signify the potential of HP Multi Jet Fusion 

technology to take 3D printing to new levels [21]. The breakthrough of printing 

voxels whose properties can be individually controlled is made possible using 

HP’s transforming agents in the HP Multi Jet Fusion process [21]. 

 

 
Figure 1.13 – Pixel, binary voxel, and HP Multi Jet Fusion voxels [21] 

 

HP’s vision for HP Multi Jet Fusion technology is to create parts with controllably 

variable (even quite different) mechanical and physical properties within and 

across a single part or among separate parts printed simultaneously in the build 

unit [21]. This is accomplished using additional agents, which are called 

transforming agents, to control the interaction of the fusing and detailing agents 

with each other and with the material to be fused [21]. Depositing transforming 

agents voxel-by-voxel across each layer allows HP Jet Fusion 3D printers to 

produce parts that cannot be made by other methods [21]. 

 

In HP Jet Fusion 3D printers, properties that HP transforming agents could control 

within and across a part include (these properties may exist or not for each model 

of the HP jet fusion printer models) [21]: 

• Dimensional accuracy and detail 
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• Surface roughness, texture, and friction coefficient 

• Tensile strength, flexibility, hardness, and other material properties 

• Electrical and thermal conductivity 

• Opacity or translucency in plastics 

• Color: embedded and at the surface 

 

Figure 1.14 shows parts made by an HP Jet Fusion 3D printer that can print with 

color. Transforming agents print combinations of CMYK primary colors in each 

voxel. Color can be 3-dimensional—within the part or on its surface—to produce 

visible indications when the material is removed by wear or damaged [21]. This 

allows visual inspection to determine if a part must be replaced, and an embedded 

color can provide anti-tampering features [21]. In addition to visible colors, 

materials that emit specific colors only when illuminated by ultraviolet light (e.g., 

quantum dots and fluorescent dyes) can provide unobtrusive or hidden text and 

codes for security, identification, and other purposes [21]. 

 

 

 

 

 

 

 

 
Figure 1.14 – Sample parts made by HP Multi Jet Fusion technology [21] 

 

HP MJF Polymer Materials: 

 

Today, the main 3D Printing materials used in the HP Jet Fusion printers are “HP 

3D High Reusability PA 12”, “HP 3D High Reusability PA 12 Glass Beads”, “HP 

3D High Reusability PA 11” and “HP 3D High Reusability PP enabled by 

BASF”. (the data about mechanical properties of the materials in this chapter are 

presented by the manufacturers and they are not necessarily the same values 

obtained from the experiments carried out in Politecnico di Torino laboratories; 

this thesis experimental results are available in the “Results” chapter). 
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1. HP 3D High Reusability PA 12 is ideal for producing strong, quality parts at a 

low cost per part [22]. It provides good chemical resistance to oils, greases, 

aliphatic hydrocarbons, and alkalies [22]. Its biocompatibility meets USP Class 

I-VI and US FDA guidance for Intact Skin Surface Devices, and it achieves 

watertight properties without any additional post-processing [22]. HP Jet Fusion 

3D Printing Solutions using HP 3D High Reusability PA 12 provide up to 80% 

powder reusability ratio, producing functional parts batch after batch [23]. 

 

 
Table 1.5 – HP 3D High Reusability PA 12 characteristics [22] 

 

 
Table 1.6 – Results for HP 3D High Reusability PA 12 [23] 

 

2. HP 3D High Reusability PA 11 provides up to 70% powder reusability ratio 

[23]. It provides excellent chemical resistance and enhanced elongation-at-break. 

With high impact resistance properties and ductility, it is good to use for 

prostheses, insoles, sports goods, snap fits, living hinges, and more [22]. Its 

biocompatibility meets USP Class I-VI and US FDA guidance for Intact Skin 

Surface Devices [22]. 
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Table 1.7 – HP 3D High Reusability PA 11 characteristics [22] 

 

 
Table 1.8 – Results for HP 3D High Reusability PA 11 [23] 

 

3. HP 3D High Reusability PA 12 Glass Beads provide up to 70% powder 

reusability ratio [23]. 40% glass bead-filled thermoplastic material with both 

optimal mechanical properties and high reusability [22]. It is ideal for applications 

requiring high stiffness like enclosures and housings, fixtures, and tooling [22]. 

 

 
Table 1.9 – HP 3D High Reusability PA 12 Glass Beads characteristics [22] 
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Table 1.10 – Results for HP 3D High Reusability PA 12 Glass Beads [23] 

 

4. HP 3D High Reusability PP enabled by BASF (polypropylene material) 

provides up to 90% powder reusability ratio [24]. Versatile material ideal for a 

wide range of automotive, industrial, and consumer goods applications [22]. It 

has excellent chemical resistance and low moisture absorption ideal for piping or 

fluid systems and containers with outstanding welding capabilities with other PP 

parts produced with traditional methods like injection molding [22]. 

 

 
Table 1.11 – HP 3D High Reusability PP characteristics [22] 
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Table 1.12 – Results for HP 3D High Reusability PP [24] 

 

The HP Multi Jet Fusion Open Platform enables materials partners including 

Arkema, BASF, Lehmann & Voss Co., Evonik, and others to participate in the 

development of new HP Multi Jet Fusion materials [25]. 
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2. Experimental Analysis 
 
 
2.1.    The SLS Machine 
 

 

EOS GmbH Electro Optical Systems has improved its productivity rate in its new 

SLS 3D printer FORMIGA P 110 Velocis (Figure 2.1) with a Production Volume 

of 16.5 Liter [26]. They have made some innovations in temperature management 

and software control accelerate the heating and recoating process significantly 

increasing productivity [26]. The running costs are only consumed material and 

power, and no agents are used during production [26]. 

 

 
Figure 2.1 – SLS 3D Printer FORMIGA P 110 Velocis [26] 

 

The precise laser spot with a small focus diameter enables wall thicknesses of less 

than a half millimeter [26]. The system reliably produces small, delicate parts 

with the highest surface quality [26]. Parts are fully functional right after 

unpacking and depowering [26]. No further post-processing is needed. With 9 

commercial polymer materials and 10 combinations of materials/layer 

thicknesses [26]. The EOS Parameter Editor allows customized exposure 

parameters to be defined based on a proven 
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baseline [26]. Some important technical data of the machine are introduced in 

table 2.1. 

 

 
Table 2.1 – Technical Data for FORMIGA P 110 Velocis AM machine [26] 

 

In Table 2.2, the EOS Portfolio of the most common EOS SLS Polymer Materials 

is available. Depending on the desired part properties and considering the 

production cost with each of these materials, one of them can be chosen. 

 

 
Table 2.2 – EOS SLS Polymer Materials portfolio selection guide [27] 

 

In Figure 2.2, the materials which are compatible with the SLS 3d printer 

FORMIGA P 110 Velocis are visible. 
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Figure 2.2 – Compatible materials with the SLS 3d printer FORMIGA P 110 Velocis [27] 

 

 
 
2.2.    The MJF Machine 
 
 

“HP Jet Fusion 4200 3D Printing Solution” (figure 2.3) which is only one of the 

available AM machines in the FCA EMEA PD Additive Manufacturing Centre, 

is the other AM technology used for producing the specimens necessary to carry 

out the comparison about the mechanical properties in this thesis. 

 
Figure 2.3 – HP Jet Fusion 4200 3D Printing Solution [28] 

 

The general printing procedure of a Multi Jet Fusion was described in the last 

chapter; however, those steps can vary between different HP 3D printer models 

available in the market. The Printing procedure until completion of the job in the 

specific choice of “HP Jet Fusion 4200” is as follows [20]: 
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Figure 2.4 – Schematics of HP Jet Fusion 4200 printing procedure [20] 

 

a. The material is recoated across the work area. 

b. A fusing agent (F) is selectively applied where the particles are to fuse. 

c. A detailing agent (D) is selectively applied where the fusing action needs to be 

reduced or amplified. In this example, the detailing agent reduces fusing at the 

boundary to produce a part with sharp and smooth edges. 

d. The work area is exposed to fusing energy. 

e. The part now consists of fused and unfused areas. 

The process is repeated until the complete part has been formed. 

 

Printing and cooling times must be considered when scheduling the final job for 

printing [20]. Printing and cooling times vary depending on the part size and 

number of parts in each printing session [20]. As a general guide for a full build 

chamber, expect around 16 hours of printing and 46 hours of cooling. [20] 

Cooling times are approximate and may vary a lot depending on the complexity 

of the build and if the fast cooling is integrated into the system or not [20]. For 

having more details, some more information is available on the printing and 

cooling time table (see table 2.3) [20]. with the minimum Natural cooling time 

listed on the table, there is a need to use heat-resistant gloves and goggles for 

unpacking the build unit [20]. 
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Table 2.3 – HP Jet Fusion 4200 3D printing and cooling time [20] 

 

For preparing the job and sending it to be printed, the powerful 3D print-

preparation capabilities of HP SmartStream 3D Build Manager is used [20]. The 

software creates slices that the printer can convert to layers to prepare the job 

[20]. This preparation process may take from 15 minutes to 2 hours depending on 

the complexity of the job [20]. It can be done while printing other jobs. Once 

ready, you can select the job to be printed from the job queue on the printer’s 

front panel [20]. The steps are as follows [20]: 

 

1. Add parts to begin preparing the print job. 

2. Rotate, size, and position the part on the bed. 

3. Automatically locate and fix 3D geometry errors. 

4. Send a printer-ready file to a connected 3D printer or save the printable file. 

 

 
Figure 2.5 – HP SmartStream 3D Build Manager user interface 
1- Progress bar showing the progress of the build, 2- Job name, 

3- Job cross-section image showing the slice currently printing [20] 
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There are two kinds of agents: fusing and detailing agents [20].  The printheads 

take agents and deposit them on the build [20]. The printer's writing system uses 

three dual-agent printheads with 31,680 nozzles each; consequently, each agent 

has 15,840 nozzles. The printheads are numbered as shown in figure 2.6 [20]. 

 

 
Figure 2.6 – HP Jet Fusion 4200  printheads  

1- Rear printhead, 2- Middle printhead, 3- Front printhead [20] 

 

The HP Jet Fusion 4200 and 4210 accept cartridges with a capacity of 30 or 300 

liters [20]. 

 

Material states in the processing station are as follows [20]: 

 

● Reusable: Material that can be reused 

● Waste material: Used material that should not be reused 

● Mixed: A mixture of new and used material, by default 20% new and 80% used 

● Fresh: New material 
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Figure 2.7 – HP Jet Fusion 4200 cartridges [20] 

 

There are some specifications (the minimum specification for parts) to bear in 

mind to avoid issues in parts and to achieve the best quality (figure 2.8) [20]. 

 

The minimum printable features in planes X, Y, and Z are as follows [20]: 

 

Minimum hole diameter at 1 mm thickness                  0.5 mm 

Minimum shaft diameter at 10 mm height                    0.5 mm 

Minimum printable font size for embossed or              6 pt 

debossed letters or numbers: 

Minimum clearance at 1 mm thickness                        0.5 mm 

The minimum slit between walls                                  0.5 mm 
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Figure 2.8 – HP Jet Fusion 4200 minimum printable features in planes X, Y, and Z [20] 

 

In the HP SmartStream 3D Build Manager, you can choose one of the following 

print modes from the print profile drop-down menu, depending on your needs 

[20]: 

● The balanced mode delivers balanced properties. 

● Fast mode maximizes speed for any job, available for certain materials. 

● Mechanical mode delivers superior stain-resistant properties, available for 

certain materials. 

● Cosmetic mode delivers higher accuracy, a smoother surface, and better color 

uniformity, available for certain materials. 

 

 
Table 2.4 – HP Jet Fusion 4200 3D printing speed options considering the powder type [20] 

 

In the case of Natural cooling, move the build unit aside to cool down further, and 

wait [20]. The cooling time depends on the size of the build [20]. After, the build 

unit has to be inserted into the processing station [20]. 
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Figure 2.9 – HP Jet Fusion 4200 processing station [20] 

 

In the case of Fast cooling, the procedure described below must be followed [20]: 

 

a. The build unit must be left to cool naturally for 3 or 4 hours before fast cooling 

can start. It does not need to be inside the processing station during this time. 

b. When the build unit has been inserted into the processing station (figure 2.9), 

go to the processing station’s front panel, and tap Build unit > Fast cooling. 

c. Fast cooling starts. By tapping at X at any time, fast cooling is canceled. To 

resume the process, ensure that the build unit is inserted, and tap Fast cooling. 

Before starting the fast cooling process, you can modify the timing by tapping 

Modify, however, modifying this value may compromise part quality. 

 

 
Table 2.5 – HP Jet Fusion 4200 3D natural and fast cooling processes time [20] 

 

d. Connect the reusable material collector to the safety lid (see figure 2.10), and 

tap Start on the front panel, which will tell you the remaining time.  
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Figure 2.10 – HP Jet Fusion 4200 processing station reusable material collector [20] 

 

Part cleaning and postprocessing [20]: 

 

Once parts have been unpacked from the build in the processing station, they 

should be cleaned [20]. Different processes can be followed, depending on the 

needs. In general, equipment not provided by HP are needed [20]. The main 

process recommended by HP is a combination of bead blasting (first) and air 

blasting (second) [20]. 

 

● Bead blasting: It consists of applying compressed air mixed with an abrasive to 

the part to remove the attached material. This is a generally appropriate solution; 

however, different abrasives or pressures for specific purposes should be selected 

[20]. 

● Air blasting: This process consists of applying compressed air to the part to 

remove any material remaining after bead blasting [20]. 

 

The following options are available to improve surface finishing [20]: 

 

● Tumbling: The part is immersed in a Vibro-tumbler full of abrasives, to smooth 

any surface roughness [20]. 

● Hand sanding: The surfaces of the part are smoothed by abrasion with 

sandpaper [20]. 
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In Table 2.6, the HP 3D Printing materials portfolio selection guide is available. 

Depending on the desired part properties and considering the production cost with 

each of these materials, one of them can be chosen. 

 

 
Table 2.6 – HP 3D Printing materials portfolio selection guide [29] 

 
 
 
 
2.3.    The AM Material PA 12 
 

In this section, the detailed information regarding the PA12 used for producing 

the specimens by the HP Jet Fusion 4200 3D Printer and SLS 3D Printer 

FORMIGA P 110 Velocis is presented. 

 

The PA 12 material used by Multi Jet Fusion technology has a very fine grain, 

resulting in parts with higher density and lower porosity than parts produced with 

Laser Sintering [30]. That feature also makes PA 12 for MJF the ideal choice 

when you need more detailed surface resolution or thinner walls than are possible 

with Laser Sintering [30]. Unfinished parts typically have a smooth surface, 

without visible layers, and a stone-grey color [30]. 
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The material datasheet is available in Table 2.7. 

 

 
Table 2.7 – HP MJF PA 12 material datasheet [30] 

 

Among several types of EOS Polyamide 12, PA 2200 is one of the most common 

choices. The property profile of durable white parts made from PA 2200 is very 

balanced; such parts are characterized by strength, rigidity, and good chemical 

resistance [18]. They are also biocompatible and certified for contact with 

foodstuffs [18]. 

 

The Technical data reported by the producer is available in table 2.8. It should be 

reminded that the mechanical properties in additive manufacturing depend on 

several parameters, such as the printing material used, the x-, y-, z-position during 

the production (and also the combination of the other orientations), and the 

exposure parameters used. The influence of the orientation and the positioning of 

the parts during the printing phase in the build volume (on mechanical properties) 

is reported in this thesis for the technologies of the debate. 
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Table 2.8 – EOS PA 12 (PA 2200) material datasheet [31] 

 

The following powders were observed under the scanning electron microscope 

(see Figure 2.11), SEM (ESEM, Quanta FEI, Eindhoven, The Netherlands, 

operated in high vacuum mode), and chemically analyzed using X-ray Energy 

Dispersion Spectroscopy, X-EDS (Oxford INCA-350, GB): 

 

• PA12, reference (“PA12_ref”) 

• PA12 from EOS for selective laser sintering, SLS (“PA12_EOS”)  

• HP MJF PA12 powder (“PA12_MJF”) 

 

The particles of the reference powder, PA12_ref (Figure 2.11_a), are globular and 

uniform in size, with a peculiar cauliflower-like morphology, Whereas the 

particles of PA12_EOS powder (Figure 2.11_b) and the PA12_MJF powder 

(Figure 2.11_c), are both less roundish and less even in size compared to the 

PA12_ref, and their surface is scaly. However, the PA12_EOS particles are 

slightly more regular than the PA12_MJF ones. 
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Under higher magnification, some broken particles of PA12_EOS clearly show 

they are the result of the aggregation of very small (micron-sized) particles. 

 

 

 

 

 

 

 

                                

                              (a) PA12, reference (“PA12_ref”) 

 

 

 

 

 

 

 

             (b) EOS PA12 (“PA12_EOS”)                  (c) HP MJF PA12 (“PA12_MJF”)          

                              
Figure 2.11 – Morphology of PA powders: (a) PA12_ref, (b) PA12_EOS, and (c) PA12_MJF 

(scale bar: 200 μm) 
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3. Testing Information and Standards 
 
 
 
3.1.    The Tensile Test 
 

 

One of the fundamental tests for determining the mechanical properties of a 

material is the tensile testing, also known as tension testing. In this test, a load is 

applied along the longitudinal axis of a test specimen (as shown in figure 3.1). 

The applied load and the resulting elongation of the member are measured and 

usually stored as a file for further analyzing and obtaining the so-called Stress-

Strain diagram. 

Load-deformation data obtained from tensile and/or compressive tests do not give 

a direct indication of the material behavior, because they depend on the specimen 

geometry [32]. The geometry of the Specimen used for each tensile test depends 

on the Standard we are following for the tensile test, which mainly depends on 

the type of material that we are investigating the properties. The cross-section of 

the Specimen can be rectangular or circular. 

 

 
Figure 3.1 – Schematic diagram of Tensile Testing Machine [33] 
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After using the relationships below, loads and deformations may be converted to 

stresses and strains [32]: 

 

σ=P/A 

ε=δ/L 

σ = normal stress on a plane perpendicular to the longitudinal axis of the specimen 

P = applied load 

A = original cross-sectional area 

ε = normal strain in the longitudinal direction 

δ = change in the specimen’s gage length 

L = original gage length 

 

The resulting stress-strain curve or diagram gives a direct indication of the 

material properties [32]. Stress-strain diagrams are typically based upon the 

original cross-sectional area and the initial gage length, even though these 

quantities change continuously during the test [32]. These changes have a 

negligible effect except during the final stages of the test [32]. 

In Figure 3.2, the Load-deformation and the obtained Stress-strain diagram for 3 

different Aluminum alloy specimens (2017-T451 Aluminum Alloy) [32]: 

 

 
Figure 3.2 – Load-deformation and the obtained Stress-strain diagram for 3 Aluminum alloy 

specimens with different geometry (2017-T451 Aluminum Alloy) [32] 
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The first diagram from the left side shows the Load-deformation curve for three 

different specimens’ types with different cross-section areas and different gage 

lengths [32]. However, as you can see in the other diagram, even with different 

specimens in the case of geometry, we will almost get the same stress-strain curve 

[32]. 

 

Engineering stress and engineering strain are computed using the original 

specimen dimensions, while True stress and true strain are based upon 

instantaneous values of cross-sectional area and gage length [32]. 

 

As shown in the previous diagram, the initial portion of the stress-strain diagram 

for most materials used in engineering structures is a straight line [32]. For the 

initial portion of the diagram, the stress σ is directly proportional to the strain ε 

[32]. Therefore, for a specimen subjected to a uniaxial load, we can write [32]: 

 

σ = Eε 

 

This relationship above is known as Hooke’s Law and was first recorded by 

Robert Hooke, an English mathematician, in 1678 [32]. 

It must be mentioned that Hooke’s Law describes only the initial linear portion 

of the stress-strain curve for a specimen subjected to a uniaxial extension [32]. 

This section of the curve is under the elastic elongation only, and we do not have 

a plastic deformation [32]. 

The slope of the straight-line portion of the stress-strain diagram is called the 

Modulus of Elasticity or Young’s Modulus [32]. 

 

E = σ/ε (normal stress-strain) 

G = τ/γ (shear stress-strain) 

E = Elastic Modulus or Modulus of Elasticity 

G = Shear Modulus or Modulus of Rigidity 

 

Some important material properties visible on the stress-strain curve are as 

follows (figure 3.3) [32]: 
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Figure 3.3 – The stress-strain curve of a material with the visible Yield Point (left), and 

without a visible Yield Point (right) [32] 

 

σPL ⇒ Proportional Limit - Stress above which stress is no longer proportional 

to the strain [32]. 

σEL ⇒ Elastic Limit - The maximum stress that can be applied without resulting 

in permanent deformation when unloaded [32]. 

σYP ⇒ Yield Point - Stress at which there are large increases in strain with little 

or no increase in stress. Among common structural materials, only steel exhibits 

this type of response [32]. 

σYS ⇒ Yield Strength - The maximum stress that can be applied without 

exceeding a specified value of permanent strain [32]. 

 

Regarding the Offset Yield Point for the non-metallic and polymer materials, the 

offset allowable strain value can change. Regarding the yield point determination 

for the non-metallic and polymer materials, if the temperature of the testing 

environment is in the range of "the Glass Transition Temperature" (Tg), a 1% 

offset value is mostly used to find the approximate yield strength (see figure 3.4) 

[34].  

The range the Glass Transition Temperature" (Tg) for the PA12 is from 297 to 

314 Kelvin. Consequently, if we consider the IAM center environment 

temperature about 20 Celsius degrees, the assumption of using the 1% offset for 

the yield stress point is true. 
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Figure 3.4 – Stress-strain curves for a polymer at T below and above 

the glass temperature [34] 

 

σU ⇒ Ultimate Strength - The maximum stress the material can withstand (based 

on the original cross-sectional area) [32]. 

E ⇒ Modulus of Elasticity - Slope of the initial linear portion of the stress-strain 

diagram [32]. The modulus of elasticity may also be characterized as the 

“stiffness” or ability of a material to resist under elastic deformation within the 

linear range [32]. 

Percent Elongation - The strain at fracture in tension, expressed as a percentage 

= ((final gage length – initial gage length)/ initial gage length) x 100. Percent 

elongation is a measure of ductility [32]. 

 

Materials can be divided into two broad categories (ductile materials and brittle 

materials) [32]: 

 

Ductile Material: materials that can undergo large strain rates (at normal testing 

temperature) before failure [32]. 

Brittle Material: materials that fail in tension at relatively low values of strain 

[32]. 

Brittle materials fail due to normal tensile stresses and rupture occurs along a 

surface perpendicular to the load [32]. However, ductile materials usually fail on 

planes that correspond to the maximum shear stresses (45°) [32]. 
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3.2.    The Standards 
 

 

The Standard considered for the tensile tests carried out in this thesis is:  

ISO 527-1; The International Standard on Plastics — Determination of tensile 

properties. There are various specimen types to use compatible with this standard, 

and each of them is adequate for a specific material or production type. 

 

The chosen Standard for designing the specimens used for the tensile tests is: 

ISO 3167 type 1A; The International Standard on Plastic-multipurpose 

specimens. 

 

The dimension of the test specimens: 

Below, you can see a table available in the standard ISO 3167 type 1A in which 

you can find the details of the geometry for designing the specimen. All the 

dimensions are in millimeters (see figure 3.5 & table 3.1). 

 

 
Figure 3.5 – The drawing of the specimen according to the ISO 3167 type 1A standard [35] 

 

 
Table 3.1 – The details of the geometry of the specimen (ISO 3167 type 1A standard) [35] 
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The recommended overall length of 170 mm for type A is consistent with ISO 

294-1 and ISO 10724-1 [35]. For some materials, the length of the tabs may need 

to be extended (e.g. to give an overall length of 200 mm) to prevent breakage or 

slippage in the jaws of the test machine [35]. 

The lower tolerances on the radius reduce the ranges of the stress concentrations 

that are found at the transitions between the narrow parallel-sided and the rounded 

portions [35]. Together with the smaller tolerance on the distance between the 

broad parallel-sided portions for type B, a common value of the initial distance 

between jaws can be used for tensile testing (see ISO 527-2). 

The radius r can be obtained from the relation below [35]: 

 
l2, the distance between broad parallel-sided portions, is resulting from l1, r, b1, 

and b2, but within the indicated tolerance [35]. 

 

The drawing of the specimen by CATIA V5 and the final details of the geometry 

is available in figure 3.6. 

 

 
Figure 3.6 – The drawing of the used specimen in the thesis (ISO 3167 type 1A) in CATIA V5 

 

It should be mentioned that the maximum 3d quality for CATIA V5 is used to get 

the smoothest curves and edges possible in the 3d design file. This can make a 

little improvement in the “.stl” format file used for the production phase with the 

AM machine. For a better understanding, in figure 3.7 the improvement of the 

curves and edges of the specimens after increasing the quality of the design in the 
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settings section of the designing program (CATIA V5) is visible in the “.stl” 

format files. 

 

 
Figure 3.7 – The improvement of the “.stl” format files after increasing the edge quality of 

the design in CATIA V5, the surface design is smoother from theft to right 
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4.  Results 
 
 
 
4.1.    Output data of the tensile test machine 
 

 

For each technology of the debate, there are 45 specimens produced in 9 different 

orientations.  

 

 
Figure 4.1 – The arrangement of the 45 specimens in the build volume of the HP Jet Fusion 

4200 (380 x 284 x 380 mm), according to the designed orientations. Isometric-view (left) and 

bottom view (right) 
 

For each technology of the debate, there are 45 specimens produced in 9 different 

orientations. Having 5 specimens tested for each specific printing orientation 

helps to get a trustable mean value for each of the mechanical properties through 

the tensile test. 

 

Figure 4.2 shows the nine different positionings chosen for producing the 

specimens. This figure is only to specify the orientation and the given name to it, 

and it is not the build volume of the two machines. Each specimen has its name 

printed at one of the end-surfaced along its axis. Having the name of the specimen 

printed on it makes it easier to recognize it after the cleaning process, and 
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throughout the experimental phase when there are 45 specimens to undergo the 

tensile test for each technology. 

 

 
Figure 4.2 – The positioning and the given names of the nine different orientations chosen 

for producing the specimens by the two technologies 
 

In figure 4.3 (c), the five-specimen produced in the ZD (axis align Z direction, 

and in 45 degrees in respect to the x-axis) are present. The ZD printed at the 

surface of each specimen in this direction is visible. The printed number “2” 

which is printed in all of the specimens printed with the SLS machine indicates 

the technology used to produce the specimen. In the case of a specimen printed 

by the MJF machine, there is a number “1” printed at the end of the name. 
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(a)                                                                       (b) 

(c) 
Figure 4.3 – (a) The specimens during the cleaning process, (b) All the SLS printed 

specimens after the post-processing stage, (c) The five specimens produced in the ZD 

orientation (axis align Z direction, and in 45 degrees in respect to the x-axis) 
 

 

The output of each tensile test is a curve obtained by measuring the force and 

elongation through the sampling periods (figure 4.4). These values are recorded 

in the computer software of the tensile testing machine, and also there is the 

possibility of exporting the data in text format files. 
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Figure 4.4 – The Force vs Elongation graph obtained by the tensile test machine for the 

specimen VX1 
 

To have a clear view of the mechanical properties such as yield’s stress value, 

Young’s Modulus, etc. The force-elongation curve is not very useful. By dividing 

the force amount by the exact amount of the cross-section area measured for each 

specimen, the applied stress can be obtained. 

 

The stress-strain curve is obtained for each specimen after importing the data 

received from the tensile test machine in MATLAB. Through simple coding in 

MATLAB, the yield points have been obtained. This point is an offset yield point 

(or proof stress) since the mechanical behavior of the material does not show an 

obvious yield point in the strain-stress diagram which is common for most 

nonferrous materials. In figure 4.5, the stress-strain diagram and the obtained 

yield point of the specimen No.2 of the VX orientation for the SLS technology 

are demonstrated. 
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Figure 4.5 – The stress-strain diagram and the Yield Point for the specimen VX1, as the 

output of the MATLAB code 
 

In this thesis six important mechanical properties obtained from the tensile tests 

are studied and compared for each technology; these six properties are as follows: 

 

1- The Ultimate Tensile Strength [MPa] (Sigma_UTS); The maximum stress the 

material can withstand (based on the original cross-sectional area) [32]. 

2- The Yield Strength [MPa] (Sigma_Y); The maximum stress that can be 

applied without exceeding a specified value of permanent strain [32]. 

3- Elastic Modulus [Mpa]; Slope of the initial linear portion of the stress-strain 

diagram. The modulus of elasticity may also be characterized as the 

“stiffness” or ability of a material to resist under elastic deformation within 

the linear range [32]. 

4- Yield Point Elongation [%]; YPE is the strain of the specimen when it reaches 

the Yield point, expressed as a percentage [32]. 

5- Elongation at maximum force [%]; The strain of the specimen when it is under 

the maximum force applied during the test, expressed as a percentage [32]. 

6- Elongation at Break [%]; The strain at fracture in tension, expressed as a 

percentage = ((final gage length – initial gage length)/ initial gage length) x 

100. Percent elongation is a measure of ductility [32]. 
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4.2.    Results for Multi Jet Fusion technology 
 

 

In this Chapter, all the experimental data for the Multi Jet Fusion technology are 

reported in specified tables for each mechanical property. Since there are 5 

specimens produced for each orientation, the Standard Deviations are used to 

check the reliability of the results. 

 

The ultimate tensile strength does not vary significantly for different orientations 

of the printed specimens (see figure 4.6). However, the ultimate tensile strength 

reported by the PA12 manufacturer in the datasheet (48 [Mpa]) is almost 20% 

more than the highest value recorded during the tensile tests in the IAM laboratory 

(40 [Mpa]). This difference in the values from the datasheet of the material and 

the experimental data is already anticipated since the specimens used for carrying 

out the tensile tests in this thesis are produced according to the real industry 

parameters. The powder used for producing the specimen was not all virgin 

powder, but the mixture of the virgin powder and the used powder, and this affects 

a lot the mechanical properties of the produced parts. Furthermore, several other 

parameters, such as the production speed, the designed layer thickness, etc. can 

have a big influence on the final results too. 

 

 
Figure 4.6 – The Ultimate Tensile Strength bar chart for the MJF specimens 

 

 

The results for the yield strength values show the same situation as the ultimate 

tensile strength for the MJF specimens (see figure 4.7). The numbers are almost 
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in the same range, with the ZX orientation as the maximum mean value (almost 

29.5 [Mpa]), and the VD as the minimum mean value of the 23.2 [Mpa]. 

 

 
Figure 4.7 – The Yield Strength bar chart for the MJF specimens 

 

Elastic Modulus values obtained differ much more for different orientations of 

the printing compared to the Sigma_uts & Sigma_y values. It is interesting to see 

that the mean Elastic Modulus values of the Z-axis specimens (ZD, ZX, and ZY) 

are even higher than the ones of the Flat and Vertical oriented specimens; 

however, this situation is reported as the same in the datasheet of the material (see 

table 2.7). The VD-oriented (Vertical and 45 degree oriented concerning the x-

axis) specimens produced, show the value of 673 [Mpa] which is the lowest 

average value between all the produced orientations. The difference between the 

mean experimental Elastic Modulus values and the ones reported in the PA12 

datasheet is a big number (e.g. almost 60% for the VD orientation), which can 

point out that using a mixed powder instead of the total virgin powder in MJF 

technology can affect the Elastic Modulus property much more than the strength 

properties of the produced parts. 
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Figure 4.8 – The Elastic Modulus bar chart for the MJF specimens 

 

The results for the MJF specimens Yield Point Elongation describes that all the 

specimens started to suffer from the permanent deformation after only 2% of the 

elongation of the specimens with a small variance for each printing orientation, 

and VD orientation shows the minimum Yield Point Elongation value (1.6 [%]). 

 

 
Figure 4.9 – The Yield Point Elongation bar chart for the MJF technology 

 

Regarding the elongation at break (figure 4.10), it can be noticed that mean values 

obtained for the ZX orientation produced specimens are the least number, and it 

was anticipated by the logic of the 3d printing technology for the MJF, however, 

the interesting point is the difference of the values obtained for various 

orientations within the Flat and Vertical orientation specimen, somehow only the 

FX and VX are showing big difference compared to the other orientations, the 

values obtained for these two orientations are even higher than the ones reported 

in the material’s datasheet. The other point is the big amount of deviation in the 
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elongation at break values recorded for the 5 different specimens in the ZX 

direction. This is due to the sudden brittle rapture for some of the specimens 

produced in this orientation during the tensile tests. 

 

 
Figure 4.10 – The Elongation at Break bar chart for the MJF specimens 

 

The difference between the Elongation at Maximum Force mean values and the 

Elongation at Break mean values are very different for each orientation of the 

printing. For the FD, FY, and VY, the difference is about 1%, but for the other 

specimens, there is a more deformation possibility after the necking is started. 

 

 
Figure 4.11 – The Elongation at Maximum Force bar chart for the MJF technology 
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4.3.    Results for SLS Technology 
 

Regarding the Ultimate Tensile Strength for the SLS specimens, the mean values 

obtained for different orientations, vary more than the ones of the MJF. The value 

reported in the datasheets of the PA2200 by the manufacturer (48 [Mpa]) is at 

least 20% higher than the ones recorded in the tensile tests; an amount of 

difference in the values gained in the laboratories and the values listed in the 

datasheets can be anticipated because of the same reasons mentioned before in 

the MJF section; which the most important one is the using of the mixed virgin 

and used powder for the production of the specimens. The least mean value of the 

ultimate tensile strength is for the ZY orientation (27.4 [Mpa]), and the highest 

mean value is for the FX orientation (40.1 [Mpa]) (see figure 4.12). 

 

 
Figure 4.12 – The Ultimate Tensile Strength bar chart for the SLS specimens 

 

The difference between the ultimate tensile strength and the yield strength in the 

SLS specimens produced by the SLS machine (see figure 4.13 & figure 4.12) is 

less than the ones produced by the HP MJF machine, and it means that the parts 

produced by the SLS technology can tolerate a higher amount of the stress before 

they start to have permanent deformations. 
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Figure 4.13 – The Yield Strength bar chart for the SLS specimens 

 

The mean Elastic Modulus values of the SLS specimens are much closer to the 

ones reported by the manufacturer in the datasheets (1700 [Mpa]) in comparison 

with the MJF specimens; and in the ZX and FX orientations, it has the maximum 

values of about 1700 [Mpa] in ZX and FX printed orientations (see figure 4.14). 

 

 
Figure 4.14 – The Elastic Modulus bar chart for the SLS specimens 
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The Yield Point Elongation mean values of the SLS specimens are very similar 

to the ones of the MJF specimens, and they are about 2%, which once again 

describes that the material will face a permanent deformation after it reaches a 

very low value of the elongation (less than 3% for all the orientations). 

 

 
Figure 4.15 – The Yield Point Elongation bar chart for the SLS technology 

 

The mean values for the elongation at break for all the z-axis orientations (ZD, 

ZX, and ZY) are significantly lower than the values obtained for the other 

orientations (see figure 4.16), in fact, in the other orientations, the mean values 

obtained for the elongation at break are even higher than the value reported in the 

datasheet of the material (24 [%]). The maximum mean value obtained for the 

elongation at break percentage in the SLS specimens is for the VY and FD 

orientations (30 [%]). The very low flexibility in the Z-axis specimens compared 

to the other specimens produced in the flat and the vertical orientations can be 

considered as a drawback for this technology. 
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Figure 4.16 – The Elongation at Break bar chart for the MJF specimens 

 

By comparing the results for the Elongation at Maximum Force mean values and 

the Elongation at Break mean values, it can be noticed that the mechanical 

behavior of the different SLS specimens differs significantly for the different 

specimen orientations. Only in Z-axis specimens, the two mean values are almost 

the same and very low, which means that these specimens will not experience 

necking in the tensile tests. On the contrary, in all the other printing orientation 

values, there is a big difference in the two elongations, and sometimes the 

Elongation at Break value of the specimen is two times of the Elongation at 

Maximum Force values (see figure 4.17 & figure 4.16). 

 

 
Figure 4.17 – The Elongation at Maximum Force bar chart for the SLS technology 
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4.4.    Overall Comparison charts, MJF vs SLS 
 

Regarding the Ultimate Tensile Strength, the values are almost the same for most 

of the orientations for the two technologies (see figure 4.18). The main difference 

is for the ZY orientation in which the mean value of the ultimate tensile strength 

for the MJF is higher than the value for the SLS by almost 10 [Mpa] which can 

be considered a big amount. 

 

 
Figure 4.18 – The Ultimate Tensile Strength Comparison Chart for MJF & SLS 

 

Regarding the Yield Strength, the values are different considerably only in FX 

and VD orientation (see Figure 4.19). 

 

 
Figure 4.19 – The Yield Strength Comparison Chart for MJF & SLS 
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In the case of Elastic Modulus, the mean values are much more different for the 

two technologies than the values of the ultimate tensile strength and the yield 

strengths (Figure 4.20). It can be seen that the elastic modulus is much higher for 

the SLS specimens in all the produced orientations, especially in the flat (FD, FX, 

and FY) and vertical (VD, VX, and VY) ones. 

 

 
Figure 4.20 – Elastic Modulus Comparison Chart for MJF & SLS 

 

As shown in figure 4.21, the Yield Point Elongation mean values for both of the 

technologies are around 2% which shows the lack of elastic deformation capacity. 

 

 
Figure 4.21 – Yield Point Elongation Comparison Chart for MJF & SLS 

 

An interesting fact about the elongation at break comparison chart (figure 4.22) 

is that the values for the SLS specimens are much higher for all the Flat and 

Vertical orientations, but on the contrary, the values for the Z-axis oriented 
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specimen of the MJF specimens are much higher. These results about the 

maximum deformability of the two technologies in various production 

orientations can be a key factor to choose the production orientation for different 

designed parts after considering the direction of the mechanical loads they have 

to tolerate. 

 

 
Figure 4.22 – Elongation at Break Comparison Chart for MJF & SLS 

 

The chart for the elongation at the maximum force shows a big difference in the 

Z-oriented specimens between the two technologies. This difference in the values 

continues to increase until the rapture of the specimens as it can be seen in the 

previous (elongation at break [%]) comparison chart. 

 

 
Figure 4.23 – Elongation at Maximum Force Comparison Chart for MJF & SLS 
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5. Conclusions 
 

 

Additive manufacturing has been developed rapidly during the last decade, and 

there are many different technologies now in the 3D printing industries. However, 

when it comes to comparing these technologies, most of the times there are not 

dedicated standards and defined procedures to follow, and it makes the process 

of a good and acceptable comparison harder, especially since there are many 

parameters to set for each machine, from the printing speed to the layer thickness 

and some other important factors such as the cooling-down time after the 

production phase, and also the most important one, the type of material used, since 

there is usually more than one possible option for each machine, and they are 

designed for different purposes, and consequently with different mechanical 

properties. 

However, in this thesis, the main purpose was to compare the technologies in the 

real industrial situation, since this thesis was done in collaboration with the FCA, 

which is a well-known multinational Automotive Corporation. Consequently, the 

parameters during the production phase especially were chosen as the ones that 

are set while producing the real parts in the FCA EMEA PD Additive 

Manufacturing Centre. The same situation applies for the powders too, and the 

mixed percentage of the virgin powder and the used powder were the same as the 

percentage of the real parts produced in this center. 

 

Regarding the results obtained after 90 tensile tests carried out on the specimens 

for the two technologies, some similarities and some differences are noticeable in 

the comparison chart for each mechanical property reported in this study. 

According to the results, the main differences are related to the Elastic Modulus 

values, which for the SLS specimens, they are much higher than the values for 

the MJF specimens, and the Elongation at Break percentage, in which the SLS 

specimens show much more different behavior in different orientations of the 

production. This is very important in the part design process, since in this case for 

example the specimen produced in any of the Z-axis directions (ZD, ZX, and ZY) 

cannot be used in the condition which requires a fair amount of deformability. In 

this case, the material will show a sudden brittle fracture. 
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Besides the mechanical properties of the parts produced which was the main focus 

of this thesis, there are many other factors which are very important while 

choosing one of the two technologies for producing certain parts, and sometimes 

even more important than the mechanical properties, such as the powder price, 

the speed of the production, and also the price of the machine itself. 
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