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Abstract 
 

Metal additive manufacturing has been a revolutionary step in designing new complex 

shapes with a faster and cleaner building capacity in comparison to subtractive 

manufacturing processes. The ability to print lightweight alloys such as aluminum and 

titanium has made metal 3D printing attractive to different industries, from aerospace to 

the energy sector, as well as bioengineering. Of particular interest are the mechanical and 

microstructural properties of AlSi10Mg_200C aluminum alloys. In this project, samples in 

both vertical and horizontal directions were printed using an EOS M290 machine and both 

recycled and virgin AlSi10Mg_200C powder through Direct Metal Laser Sintering 

(DMLS) technique. Uniaxial tensile trials as well as hardness tests were carried out to 

investigate the mechanical properties and to study the repeatability of the process. The 

fracture surface of the tensile samples was examined using SEM to study the failure 

mechanism in quasi-static loading conditions. Using optical microscopy, the porosity of 

the DMLS-AlSi10Mg_200C samples was measured, where uniform properties were 

observed. The previously listed tests were compared to those using similar cast counterpart, 

i.e. A360.0 as well as studies performed using samples manufactured with virgin powder. 

This was important as to gauge whether it is plausible that additive manufacturing could 

replace some casting procedures if similar mechanical properties are gained. Finally, the 

dynamic behaviour of DMLS-AlSi10Mg_200C samples subject to high strain shock 

loading was also studied where constitutive models were developed to encompass the 

anisotropic behaviour of the material.  

 



iii 

 

Acknowledgments 

The Author would like to thank the Natural Sciences and Engineering Research Council of 

Canada (NSERC)-RGPIN-2016-04221 and New Brunswick Innovation Foundation 

(NBIF)- RAI 2016-108 for providing sufficient funding to execute this work. They would 

like to thank UNB mechanical technicians: Brian Guidry, Bob MacAllister, and Vince 

Boardman as well as post-doctoral fellows: Dr. Cyr and Dr. Asgari. Finally, the author 

would like to thank Additive Metal Manufacturing (AMM) in Concord, Ontario for 

designing, preparing, and providing additively manufactured samples to complete this 

work. 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Table of Contents 

 

Abstract ............................................................................................................................... ii 

Acknowledgments.............................................................................................................. iii 

Table of Contents ............................................................................................................... iv 

List of Figures ................................................................................................................... vii 

1. Introduction ......................................................................................................................1 

1.1 Motivation ................................................................................................................. 2 

2. Literature Review.............................................................................................................4 

2.1 Additive Manufacturing Systems.............................................................................. 4 

2.1.1 Powder Bed ........................................................................................................ 4 

2.1.2 Powder Fed ........................................................................................................ 7 

2.1.3 Wire Fed............................................................................................................. 8 

2.2 Powder Manufacturing .............................................................................................. 8 

2.2.1 Atomization........................................................................................................ 9 

2.2.2 Mechanical Milling .......................................................................................... 11 

2.2.3 Chemical Processes .......................................................................................... 12 

2.3 Powder Materials .................................................................................................... 13 

2.3.1 Titanium Alloys ............................................................................................... 13 

2.3.2 Nickel Alloys ................................................................................................... 14 

2.3.3 Steels ................................................................................................................ 14 

2.4 AlSi10Mg ................................................................................................................ 15 

2.4.1 Scanning Parameters ........................................................................................ 15 

2.4.2 High Cycle (HC) Fatigue ................................................................................. 16 

2.4.3 Tensile Testing ................................................................................................. 17 

2.4.4 Fracture Behaviour........................................................................................... 17 

2.4.5 High Strain Rate Behaviour ............................................................................. 18 

3. Experimental procedure .................................................................................................20 



v 

 

3.1 Material ................................................................................................................... 20 

3.2 DMLS Process ........................................................................................................ 20 

3.3 DMLS-AlSi10Mg_200C Samples .......................................................................... 21 

3.4. Polishing ................................................................................................................ 23 

3.5. Optical Microscopy ................................................................................................ 23 

3.6. Scanning Electron Microscopy .............................................................................. 24 

3.7 Hardness Measurements ......................................................................................... 24 

3.8 Uniaxial Tensile Testing ......................................................................................... 24 

3.9 High Strain Rate Impact Testing ............................................................................ 27 

4. Characterization of Recycled AlSi10Mg_200C ............................................................30 

4.1 Powder Analysis ..................................................................................................... 30 

4.2 Microstructure of the As-Built Samples ................................................................. 36 

4.3 Porosity and Hardness ............................................................................................ 38 

4.4. Quasi-Static Uniaxial Tensile Testing ................................................................... 41 

4.4.1 Experimental Results ....................................................................................... 41 

4.4.2 Comparison of Mechanical Properties Achieved Through Quasi-Static Testing

................................................................................................................................... 43 

4.4.3 Constitutive Modelling .................................................................................... 45 

4.5 Fracture Surface Analysis ................................................................................... 49 

5. High Strain Rate Behavior of AlSi10Mg_200C ............................................................55 

5.1 Experimental Results .............................................................................................. 55 

5.2 Model Development ............................................................................................... 59 

5.3 Discussion ............................................................................................................... 61 

5.3.1 Constitutive Modelling of Effective Stress vs. Plastic Strain .......................... 62 

5.3.2 Hardening Rate ................................................................................................ 80 

5.3.4 Effect of Strain Rate on Parameters ................................................................. 83 

5.3.5 Parametric Study .............................................................................................. 87 

6. Conclusions ....................................................................................................................92 

7. Future Work ...................................................................................................................94 



vi 

 

7.1 Using AlSi10Mg_200C for Hybrid Printing .......................................................... 94 

7.2 Simulations for High Strain Rate Deformation in LS-DYNA ................................ 94 

References ..........................................................................................................................96 

Curriculum Vitae ................................................................................................................... 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

List of Figures 

 

Figure 1: Powder bed system .............................................................................................. 5 

Figure 2: Selective laser melting being used to create a part [13] ...................................... 6 

Figure 3: Powder fed system............................................................................................... 7 

Figure 4: Wire fed system ................................................................................................... 8 

Figure 5: Representation of the EOS M290 [41] .............................................................. 21 

Figure 6: Cube sample with reference points for microscopy .......................................... 22 

Figure 7: Rod shape samples both in vertical and horizontal directions .......................... 23 

Figure 8: Orientation of the horizontally and vertically printed samples ......................... 25 

Figure 9: Dimensions for tensile samples from E8-15a ASTM standard ......................... 26 

Figure 10: Horizontally printed AlSi10Mg_200C sample as machined prior to tensile 

testing ................................................................................................................................ 27 

Figure 11: Specimen used for dynamic compression test ................................................. 28 

Figure 12: A schematic of the Split-Hopkinson pressure bar setup used for dynamic impact 

testing ................................................................................................................................ 28 

Figure 13: Virgin powder under an SEM ......................................................................... 31 

Figure 14: A large particle of virgin powder under SEM ................................................. 32 

Figure 15: Condensate AlSi10Mg_200C powder ............................................................. 33 

Figure 16: Partial melting of AlSi10Mg_200C powder ................................................... 34 

Figure 17: Sieve powder sample of AlSi10Mg-200C....................................................... 35 

Figure 18: A side view of the cube sample (left) and top view of the cube sample (right)

........................................................................................................................................... 36 

Figure 19: Typical OM photograph used for measuring porosity .................................... 38 

Figure 20: Porosity vs. Hardness in the Y-Direction ........................................................ 39 

Figure 21: Porosity vs. Hardness in the Z-Direction ........................................................ 39 

Figure 22: Stress vs. Strain for horizontally printed AlSi10Mg_200C samples............... 41 

Figure 23: Stress vs. Strain for vertically printed AlSi10Mg-200C samples ................... 42 

Figure 24: Comparison of typical engineering stress-strain curves from horizontally and 

vertically printed samples ................................................................................................. 43 

Figure 25: Constitutive models evaluated for the horizontally printed data ..................... 47 

Figure 26: Constitutive models evaluated for the vertically printed data ......................... 48 

Figure 27: Fractured samples in both printing directions ................................................. 49 

Figure 28: SEM images of horizontally printed AlSi10Mg_200C tensile specimen ....... 50 

Figure 29: SEM images of vertically printed AlSi10Mg_200C tensile specimen............ 50 

Figure 30: Fracture surface of horizontally printed tensile sample under SEM ............... 51 

Figure 31: Fracture surface of vertically printed tensile sample under SEM ................... 52 

Figure 32:  Fracture surfaces for vertically printed (left) and horizontally printed (right) as 

well as possible grain configurations for each build orientation ...................................... 53 



viii 

 

Figure 33: Undeformed horizontally printed (left) next to a deformed sample (right) .... 55 

Figure 34: Stress-strain curves of horizontally printed samples at different strain rates. . 56 

Figure 35: Typical strain rate vs. strain curves for horizontally printed samples ............. 57 

Figure 36: Stress-strain curves of vertically printed samples at different strain rates. ..... 58 

Figure 37: Typical strain rate vs. strain curves for vertically printed samples. ................ 59 

Figure 38: Schematic depicting the model formulation for each printing direction ......... 61 

Figure 39: Flow stress vs. effective plastic strain for the horizontally printed samples ... 62 

Figure 40: Model evaluated for horizontally printed data at a strain rate of 150 s-1......... 63 

Figure 41: Model evaluated for horizontally printed data at a strain rate of 800 s-1......... 64 

Figure 42: Model evaluated for horizontally printed data at a strain rate of 1300 s-1....... 65 

Figure 43: Model evaluated for horizontally printed data at a strain rate of 1600 s-1....... 66 

Figure 44: Model evaluated for horizontally printed data at a strain rate of 1900 s-1....... 67 

Figure 45: Model evaluated for horizontally printed data at a strain rate of 3200 s-1....... 68 

Figure 46: Flow stress vs. effective plastic strain for the vertically printed samples ....... 70 

Figure 47: Model evaluated for vertically printed data at a strain rate of 185 s-1 ............. 71 

Figure 48: Model evaluated for vertically printed data at a strain rate of 650 s-1 ............. 72 

Figure 49: Model evaluated for vertically printed data at a strain rate of 930 s-1 ............. 73 

Figure 50: Model evaluated for vertically printed data at a strain rate of 1250 s-1 ........... 74 

Figure 51: Model evaluated for vertically printed data at a strain rate of 1670 s-1 ........... 75 

Figure 52: Model evaluated for vertically printed data at a strain rate of 2100 s-1 ........... 76 

Figure 53: Schematic highlighting important points from typical experimental curves .. 77 

Figure 54: Effect of strain rate on mechanical properties for horizontally printed samples

........................................................................................................................................... 78 

Figure 55: Effect of strain rate on mechanical properties for vertically printed samples . 79 

Figure 56: Effect of strain rate on hardening rates for horizontally printed samples ....... 81 

Figure 57: Effect of strain rate on hardening rates for vertically printed samples ........... 82 

Figure 58: Effect of strain rate on the parameters from the power law hardening equation 

(left) and the Chang-Asaro hardening law (right) ............................................................. 84 

Figure 59: Effect of strain rate on the parameters from the F1, F2 equations. ................. 86 

Figure 60: Parametric study on the parameters from the power law hardening. .............. 88 

Figure 61: Parametric study on the parameters from the Chang-Asaro hardening. .......... 89 

Figure 62: Parametric study on the parameters from the F1, F2 equations. ..................... 90 



 

1 

 

1. Introduction 

A relatively new way of manufacturing parts is on the rise as rapid prototyping becomes 

increasingly popular throughout the world. Additive manufacturing is a process where, 

given a 3D model, uses metallic material in powder form to build a part, layer by layer 

until completion [1]. This way of rapid prototyping is very attractive in comparison to other 

possibilities because of its ability to accommodate complicated design. Conventional 

manufacturing methods have limitations when it comes to complex geometries, but 

additive manufacturing allows for an increased freedom of design, while maintaining a 

light and stable final product [2]. It also allows for a reasonable cost, especially for small 

batch sizes that would otherwise be extremely expensive. 

The samples prepared for this study were additively manufactured using an EOS M290 

machine through direct metal laser sintering (DMLS) technique [3]. The laser sintering 

process starts by adding a thin layer of the powdered material to the building platform. 

Based on the input from the 3D model, the laser fuses the powder at the points specified 

for that layer within the model. The building platform is then lowered exactly the height of 

one layer, a new powder layer is applied and the process is repeated so that each individual 

layer is fused together to produce the final part [4, 5, 6]. The layers can be different in 

thickness, e.g. 40 μm, depending on powder size and material, 3D printing technique, and 

specific application. 

Additively manufactured aluminum alloy AlSi10Mg_200C, which has close chemical 

composition to its conventional counterpart A360.0 casting alloy, is being studied in this 

work. It has good weldability, hardenability, and high thermal conductivity [7]. An 
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aluminum alloy as such is likely to be an increasingly popular choice in additive 

manufacturing due to the demand in industry for lightweight materials. 

While mechanical properties of DMLS-AlSi10Mg_200C and the effects of building 

direction have been explored in the past [8, 9, 10], the use of recycled powder for these 

tests has not.  In this study samples made from recycled powder as opposed to virgin 

powder were subjected to uniaxial tensile testing for both the horizontally and vertically 

printed samples. In addition, hardness and physical properties such as microstructure and 

porosity were investigated. After gaining knowledge about the quasi-static behaviour of 

the material, the dynamic shock loading under high strain was studied using a Split-

Hopkinson pressure bar apparatus at varying strain rates. The goal was to study the effect 

of printing orientation and high strain rate deformation of the material.  

1.1 Motivation 

Since additive manufacturing is a relatively new and expensive manufacturing method, it 

is crucial to explore possible methods of reducing cost to make it more accessible to 

industry. One way is to use recycled powder as opposed to virgin powder as feedstock. The 

first aim of this study is to investigate the mechanical properties of DMLS-

AlSi10Mg_200C samples made using recycled powder and to compare them with those 

manufactured using virgin powder in the literature. Furthermore, the study explores the 

mechanical properties of DMLS-AlSi10Mg_200C samples and to those obtained from 

using conventional aluminum alloys such as die-cast A360.0. 

One of the biggest shortcomings of the additive manufacturing process is that as a relatively 

new manufacturing method there is lack of reliability from one part to another. Although 
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the mechanical properties for one type of sample can be obtained through mechanical 

testing, it is not feasible to do mechanical testing on every part which is to be manufactured 

so, modelling is important. Since this study is on an aluminum alloy, its dynamic behaviour 

under high strain rates is highly sought after in aerospace and automotive and defence 

industries, but little has been done in this area for testing or modelling.  The second aim of 

this study is to explore the effect of different strain rates during shock loading on DMLS-

AlSi10Mg_200C both for horizontally and vertically printed samples. This work aims to 

shed light on the anisotropic behaviour of DMLS-AlSi10Mg_200C by performing dynamic 

shock loading tests using a Split-Hopkinson pressure bar apparatus under compressive 

strain rates up to 3200 s-1 on samples printed in both horizontal and vertical directions as 

well as developing constitutive equations to describe their dynamic behaviour. Accurate 

constitutive models are needed when modelling the additively manufactured metals, 

specifically DMLS-AlSi10Mg_200C, during finite element analysis. 
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2. Literature Review 

2.1 Additive Manufacturing Systems 

Additive manufacturing differs from traditional methods of manufacturing because, as the 

name suggests, the part is additively built layer-by-layer as opposed to having to remove 

material from a bulk piece and generate a lot of scrap metals. The process starts off with a 

3D CAD model, where the user designs the part to be manufactured according to their 

specifications. Once the part is rendered in 3D, the file is uploaded to the additive system, 

which slices the part into the necessary number of two-dimensional layers with a thickness 

dependent on the machines’ capabilities. When the process is complete, all the two-

dimensional layers additively manufactured together produce the three-dimensional part. 

Although there are numerous existing systems to accomplish this with many varying 

parameters, three broad categories are used to encompass the current technologies available 

for additive manufacturing: powder bed systems, powder feed systems, and wire feed 

systems.  

2.1.1 Powder Bed 

In a powder bed system, powder is swept onto the work bed of the system from the powder 

reservoir using an arm called a recoater, where either a laser or electron beam melts the 

powder into the desired form for that layer [11]. These layers are, depending on the 

machine, 20-100 μm thick. Subsequently, the powder bed is raised the thickness of one 

layer above the existing previous melted layer. The recoater then sweeps the powder from 

the raised powder reservoir over the existing melted layer. The powder layer is then melted 

according to its two-dimensional slice and the process is repeated [12]. Figure 1 shows the 

schematic of a general powder bed fusion technique.  
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Figure 1: Powder bed system  

The volume of the build space is predominantly under 0.3m3 for this type of system, which 

is smaller than some other systems. Depending on the type of energy source used to melt 

the powder, two sub-categories of powder bed fabrication are available: electron beam 

melting (commonly known as EBM) and selective laser melting (SLM).  

There are various SLM machines available for consumers such as the EOS M290. This 

machine is said to use direct metal laser sintering (DMLS) but to most, that is synonymous 

with SLM. The only said difference is that DMLS sinters the powders together while SLM 

achieves a full melt. A photo of SLM in action is shown on the next page in Figure 2. 
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Figure 2: Selective laser melting being used to create a part [13] 

The energy source for SLM is a Yb-fiber laser, which can range in power depending on 

the machine from 100-1000 W [14]. The powder bed itself can be preheated up to 200ºC 

to help reduce stresses when melting. During SLM, a process commonly referred to as 

contouring occurs where the outer boundary of the two-dimensional layer is melted first 

and then the powder remaining inside the contour is melted.  

EBM machines use an electron beam instead of a laser to melt each powder layer and unlike 

SLM, there are not numerous machines to choose from which can perform the process. 

Arcam AB, based in Sweden has created a machine, which utilizes this technology called 

the Arcam A2. The entire chamber is brought up to a temperature of 700ºC to help reduce 

residual stresses. It uses a 7-kW electron beam (considerably more powerful than the SLM 

machines), which operates in a vacuum, reducing the chance of hydrogen pick-up as a 

result of an oxygen free environment. This increase in power leads to a greater energy 

density, which reduces build times and hence, manufacturing costs [15]. Arcam has 
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developed more modern machines in recent years with less powerful energy sources as 

high as 3 kW, known as Arcam Q20. 

2.1.2 Powder Fed 

As the name suggests, in a powder fed system the powder is fed through the nozzle 

alongside the laser as opposed to being on the print bed. There are generally two types of 

powder fed systems as follows: 1) Systems where the part is stationary, and the nozzle 

moves. 2) Systems where the nozzle is stationary and the part moves.  

 

Figure 3: Powder fed system  

Powder-fed systems offer a couple of advantages to the traditional powder bed systems. A 

larger build volume is accessible because the entire print bed does not need to be covered 

in one layer of the powder. Also, broken or unfinished parts can be made whole through 

this process with select systems.  
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2.1.3 Wire Fed 

Wire fed systems use wire as opposed to the other two systems, which use powder. The 

energy source can be electron beam, laser beam, or plasma arc for this process. The system 

lays down beads of material in a layer-by-layer fashion to construct the three-dimensional 

part.  

 

Figure 4: Wire fed system  

This method is advantageous for larger parts, where achieving high quality geometric 

features is less important. Some systems also use stock wire as feed allowing the price to 

be driven down considerably for additive manufacturing compared to the other systems, 

which use the expensive powder. 

2.2 Powder Manufacturing 

The additive manufacturing systems listed above all require some form of raw material to 

be melted into the desired part. The initial material is an important part of the additive 

manufacturing process and can be in a wire form but most commonly a powder form, as 
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used in the DMLS process for the EOS M290. There are various techniques that exist for 

powder processing to create material for industrial applications like additive manufacturing 

such as several types of atomization processes, mechanical processes, and chemical 

processes. The produced powder can be characterized by their morphology, physical 

properties like hardness and ductility, bulk properties such as flow properties and 

compressibility, and chemical properties such as reactivity and amount of impurities [16]. 

One of the main requirements of the powder that is to be used for additive manufacturing 

is the spherical form of the particles to ensure repeatable and reliable results. While some 

technologies can produce spherical or near spherical forms, other methods require some 

post-processing methods to ensure the desired shape [17]. 

2.2.1 Atomization 

The most popular form of powder manufacturing used for additive manufacturing currently 

is atomization, more specifically gas atomization. This powder manufacturing process was 

responsible for the powder material AlSi10Mg_200C used in this project. The respective 

metals and alloys are first melted, then atomized, and solidified in this process with the 

help of gas atomizers. These gas atomizers have a furnace for melting under vacuum along 

with nozzles in the atomizing chamber where thin streams of liquid alloy are dispersed on 

droplets by the high pressure of the inert gas. These droplets solidify while travelling 

through the air in the atomizing chamber producing fine powders with a spherical shape, 

homogenous microstructure, and high cleanliness. The powder size can vary based on the 

type of gas nozzle and type of atomizer. Free fall atomization produces a coarser powder 

(> 100μm) where the molten metal falls under gravitational forces for a distance before 

collision with the gas jets. The size of the particles can be decreased to an extent with 
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increases in the velocities of the gas as well as steeper angles of attack between the gas and 

metal streams. To produce fine powder (>45μm) a close-coupled system can be used. For 

this system, the gas jets are placed extremely close to the emerging metal stream resulting 

in maximum kinetic energy focuses on a smaller volume of liquid metal. This coupled with 

higher possible angles of attack produce finer powders than with free fall atomization [18]. 

To ensure a wide range of metals and alloys can be produced via gas atomization, there are 

modifications available for diverse types of materials. VIGA (vacuum induction gas 

atomization) is a modification, which allows producing powders consisting of non-reactive 

metals and their alloys using a combination of vacuum induction melting with inert gas 

atomization. Conversely, EIGA (electrode-induction melting gas atomization) has been 

developed to produce powders consisting of highly reactive metals and their alloys [16]. A 

less common modification is PIGA (plasma induction gas atomization), where a plasma 

burner is used instead of melting induction to produce ceramic-free and reactive high-

melting alloys [17]. 

With a process comparable to gas atomization, water atomization uses high-pressure steam 

instead of gas for the atomizing medium. This process is suitable for unreactive materials. 

An advantage is that it is a less expensive process but due to the higher cooling rates it 

produces less spherical particles as well as lower purity for metals subjected to oxidation 

[19]. Another less expensive process suitable for unreactive metals is compressed air 

atomization but along with the cost savings comes many defects such as more internal 

porosity [17]. 
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A more recently developed process is plasma atomization where wire feedstock is fed into 

converging thermal plasma torches where it is melted and atomized. The inert atmosphere 

during the process ensures that the molten droplets do not have an opportunity to react with 

air and generally any contaminants are found on the exterior of the particle [20].  This 

method is suitable for reactive metals with a high melting point such as titanium and can 

produce powder with a fine particle distribution. A disadvantage is that the initial material 

is in wire form meaning that any material, which is not flexible enough to become wire 

feedstock cannot be atomized [20].   

Centrifugal atomization encompasses various methods involving the use of centrifugal 

forces to disperse molten metal in the tangential direction using a rotating disc. Generally, 

these methods are much more energy efficient than atomization methods and can produce 

a narrower spread of particle size. This type of process is limited by the possible speeds of 

the rotary disk, which in turn limits how fine the produced powder can be [21]. 

2.2.2 Mechanical Milling 

This process allows for larger particles of raw material to be made into smaller particles 

through external forces via various techniques such as crushing, grinding, and attrition. 

Materials are pre-treated to make them more brittle so that the efficiency of the process can 

be elevated. Metal alloying/milling occurs when powder particles are trapped between the 

colliding balls in the milling machine. By changing the size or material of the balls, it is 

possible to produce different amounts of kinetic energy depending on what raw material is 

being milled.  
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The advantages of this process are that it can be performed at a relatively low cost as well 

as at room temperature. One of the main disadvantages is the contamination, which arises 

during the milling process [22]. If alloy steels are used as the milling media (balls) then 

iron contamination is more likely and further increased the harder the raw material is as 

well as the higher the energy of the mill. Another disadvantage is the possibility of the poor 

yield of powder if material is cold welded to the balls and/or the walls of the milling 

machine. Surfactants can be used to minimize the amount of cold-welding that occurs, but 

decomposition of the surfactants could contaminate the powder [22]. 

2.2.3 Chemical Processes 

Electrolysis process uses the deposition of a metal (commonly copper) at the cathode of an 

electrolytic cell and it is periodically scraped off and post-treated to produce powder. 

Pressed or sintered waste metal products can be used as the raw material depending on the 

composition and viscosity of the electrolyte, current density, temperature, and other factors. 

Electrolysis is only used to produce pure metal powders, as alloys cannot be used.   

Oxide reduction can be used to form several types of metallic powders such as iron, cobalt, 

copper, tungsten, and molybdenum on a commercial scale. To produce iron powder for 

example, magnetite ore is reduced by hydrogen, carbon monoxide, and ammonia gas along 

with coke and lime as reducing agents. Several mills are used to control the reduction 

atmosphere and time meaning that the powder can be produced in a well-controlled size 

with good formability and sinterability [16]. 

Plasma spheroidization is a relatively new powder manufacturing process, which does not 

actually produce the powder but instead aids in converting manufactured powder particles 
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into spheres as a treatment process. The powder particles are melted as they enter the 

plasma and solidify as they exit, and the molten particles become spherodized due to the 

surface tension [23]. This process is not limited to improving the shape of the powder and 

can also decrease internal porosity as well as increase flowability, purity, and apparent 

density.  

2.3 Powder Materials 

2.3.1 Titanium Alloys 

Titanium alloys are common in the additive manufacturing industry for their superior 

strength-to-weight ratio making them attractive to various applications including 

aeronautics. Also, their inertness from a chemical and biological standpoint makes them 

popular in applications pertaining to food, dentistry, and orthopedics. Since they are 

difficult to shape using traditional subtractive methods, additive manufacturing presents 

itself as a viable option to construct parts made of titanium alloys. Ti-6Al-4V is the most 

common alloy and is used in more than 50% of commercial titanium applications [24]. Ti-

6Al-4V has the capabilities of being and has been in the three broad categories of additive 

manufacturing systems: powder bed, powder feed, and wire feed.  

Extensive research has been conducted for this material and through the additive 

manufacturing process the material has shown yield and tensile strengths, which exceed 

the wrought alloy values. However, the ductility was shown to be less for the AM processed 

alloy and anisotropy was present with regards to the building direction, as expected; see 

e.g. [25]. 
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2.3.2 Nickel Alloys 

IN625 is a nickel alloy common in additive manufacturing industry with a high tensile 

strength and corrosion resistance. It is suitable for high-temperature applications and its 

material properties through the electron beam melting (EBM) process exceeded those 

metals made by casting but are comparable to wrought [26]. 

IN718 is another nickel-based superalloy, which has been conventionally produced as well 

as used for additive manufacturing. The microstructure of the EBM processed IN718 was 

found to be like that which is expected of the superalloy manufactured through 

conventional methods, but the porosity was found to be higher. Mechanical testing on 

EBM-IN718 revealed comparable results in elongation at break, ultimate tensile strength 

(UTS), and yield strength but displayed considerable anisotropy dependant on the building 

direction [27]. 

2.3.3 Steels 

As could be expected, there are numerous types of steel powder options to meet the many 

steels required and available for various applications through conventional manufacturing 

methods. One of the most popular powders offered by EOS is the Stainless Steel 316L, 

which can be used in the medical field, orthopaedics, and in aerospace [28]. This material 

was found to have high ductility, excellent corrosion resistance and met the ASTM F138 

“Standard Specification for Wrought 18Cr-14Ni-2.5Mo Stainless Steel Bar and Wire for 

Surgical Implants” [29]. According to its material data sheet, the UTS in the horizontal 

direction was found to be 640MPa compared to 540MPa in the vertical direction with a 

hardness of 89HRB. 
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For a higher strength option, EOS offers a Maraging Steel (MS1), which corresponds to 

the US classification of 18% Ni Maraging 300. For applications which require high 

toughness and excellent strength, MS1 is an excellent choice and can be age hardened up 

to 54 HRC [30]. According to its material data sheet, this material as printed offers an 1100 

MPa tensile strength, which can be brought up to 2500 MPa after age hardening. Other 

attractive qualities include superior weldability, along with good polishability, 

machinability, and acceptable thermal conductivity.  

2.4 AlSi10Mg 

2.4.1 Scanning Parameters 

Although there is very little research with regards to AlSi10Mg-200C, AlSi10Mg has been 

involved in multiple studies in recent years. Using selective laser melting as an additive 

manufacturing process, Kempen et al. [31] have performed material characterization in the 

past on AlSi10Mg. They have also researched the effect of changing various parameters 

within the printer on the AlSi10Mg parts. They made five samples and with each sample 

the process of manufacturing varied by parameters such as scanning direction, rotation 

between layers, size of printing “islands” and shifting said islands by 1mm each layer. The 

laser power was kept constant at 200 W, along with the scanning speed at 1400 mm/s, and 

hatch spacing at 105 μm [32]. 

Their findings showed a hardness value of 127±3 Hv for AlSi10Mg as-built samples, 

approximately 30Hv higher than the high-pressure die-casted AlSi10Mg counterpart, 

A360.1.  As far as scanning parameters were concerned, they found that changing only the 

scanning direction between two samples showed only a very small texture difference 

suggesting that the crystallographic texture of SLM parts is not affected based on 
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unidirectional or bidirectional scanning methods. When each layer was rotated 90º, a weak 

cubic texture formed around the building direction as opposed to the strong partial fibre 

along the scanning direction seen without any rotation. Shifting the islands within each 

layer showed local texture differences but globally the texture was very similar. These 

findings suggested that by changing some of the parameters a more isotropic or anisotropic 

part could be created through SLM [32]. 

2.4.2 High Cycle (HC) Fatigue  

Brandl et al. [9] manufactured eight batches totalling 91 AlSi10Mg fatigue samples with 

different process parameters. These include having the platform temperature at either 30ºC 

or 300ºC, building direction at 0º or 45º or 90º, and peak hardening (T6) the samples or 

not. This peak hardening method is known to maximize tensile and yield strengths and 

consisted of the following procedures: 

- Solution heat treatment for 6 hours at 525ºC; 

- Room temperature water quench; 

- Artificial aging for 7 hours at 165ºC. 

The HC fatigue samples were built to ASTM E466 and were tested at room temperature. 

The density of each batch was measured and found to be above 99%. The as-built samples 

demonstrated an inhomogeneous microstructure with coarser dendrites visible because of 

laser traces and resulting heat affected zones. After peak-hardening the microstructure was 

homogenous and no microstructural difference was seen between building directions. The 

results showed that a higher temperature of the building platform as well as the peak-
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hardening have a similar effect resulting in a decreased fatigue resistance. The building 

direction had a very small influence compared to the other two parameters. 

2.4.3 Tensile Testing  

Kempen et al. [8] presented a general overview of various mechanical properties obtained 

through experimentation on AlSi10Mg. The group performed tensile testing on vertically 

and horizontally printed specimen, which were manufactured to be rectangular dog bone 

specimen as opposed to cylindrical. The samples were manufactured using a Concept Laser 

M1 SLM Machine. 

The mechanical properties were the result of mean values of 2-3 specimens for each 

printing direction. The horizontally printed samples showed an ultimate tensile strength 

(UTS) of 391 MPa with an elongation at break of 5.55%. The vertically printed samples 

showed higher UTS values, i.e., 396 MPa with a lower elongation at break of 3.47%. Both 

printing directions offered a Vickers’ hardness of 127 and modulus of elasticity of 68 GPa. 

By performing Charpy impact tests, they found that the impact energy was 3.94 J in the 

horizontal direction and 3.69 J in the vertical direction. They compared these results to 

conventionally cast and aged AlSi10Mg as well as high-pressure die-casting of AlSi10Mg 

with and without aging (A360.1).  

2.4.4 Fracture Behaviour  

Kempen et al. [8] also looked at the fracture surface of the tensile samples under SEM. 

They found that there were large pores present at the edges of the sample surface from the 

beginning and ending of scan vectors. The pictures suggested that these “borderline pores” 

became the critical defects in the part and initiated the inhomogeneous fracture. They were 
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more numerous in the vertically printed samples, which gives reason for the smaller 

elongation at break meaning there was definite anisotropy in the samples. 

These findings were also supported by research performed by Brandl et al. [9] on high 

cycle fatigue behaviour of AlSi10Mg samples. The fracture surfaces of several samples 

were examined under a scanning electron microscope and it was shown that all the 

breakthrough cracks were initiated at the edge of the samples at these borderline pores and 

non-melted spots.  

2.4.5 High Strain Rate Behaviour 

High strain-rate dynamic behaviour of DMLS-AlSi10Mg_200C alloy representing 

scenarios of shock loading conditions is very important for defence, marine, and aerospace 

applications. There are not many contributions in the open literature on the high strain 

deformation of DMLS-AlSi10Mg_200C from moderate strain rates of 100 s-1 to high strain 

regimes of beyond 3000 s-1. High strain rate behaviour of conventional aluminum alloys, 

such as 7055 and 2024, have been of interest to researchers and scientists mainly for the 

aerospace applications. Split Hopkinson pressure bars are normally used to study the high 

strain rate tensile or compressive behaviour of different alloys. Cylindrical specimen cut 

from aluminum 7055-T7 used for dynamic impact tests with nominal strain rates ranging 

from 1000 s-1 to 6000 s-1 demonstrated that increased strain rates leads to higher UTS 

values [33]. Using the same apparatus, the high strain rate shock loading behaviour of 

aluminum AA2519-T8 subjected to compressive strain rates ranging from 1000 s-1 to 3500 

s-1 was successfully studied [34]. In addition, this apparatus has been used to study other 

alloys such as AA-2024 under strain rates in the range of 2000 s-1 to 6000 s-1 [35], as well 

as AISI 321, which was loaded at extremely high strain rates up to 7500 s-1 [36].  
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Asgari et al. [37] studied texture evolution in DMLS-AlSi10Mg_200C deformed at strain 

rates of up to 1600s-1 and reported the same texture modifications for horizontal and 

vertical samples. Hadadzadeh et al. [38] studied microstructure and deformation 

mechanism in DMLS-AlSi10Mg_200C at high strain of up to 4300 s-1 using several 

electron microscopy techniques. They discovered that at lower strain rates dynamic 

recovery (DRV) occurred while at higher strain rates, continuous dynamic recrystallization 

(CDRX) occurred followed by DRV. Zaretsky et al. [39] investigated the mechanical 

properties and microstructure of AlSi10Mg subjected to strain rates of up to 5000 s-1. They 

reported different deformation mechanisms related to the presence of obstacles to 

dislocation motion at high strain rates.  
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3. Experimental procedure 

3.1 Material 

Gas atomized AlSi10Mg_200C powder provided by EOS GmbH was used to 3D print all 

the samples studied in this paper. The chemical composition of the powder provided is 

listed in Table 1. It is noted that, both virgin and recycled powder have been used in this 

study. 

Table 1: Chemical composition of AlSi10Mg-200C virgin powder used in this study 

  Weight (%) by Element 

 Si Fe Cu Mn Mg Ti Zn Al 

Analysis 10.08 0.16 0.001 0.002 0.35 0.001 0.002 Balance 

Data Sheet 9.0-11.0 ≤0.55 ≤0.05 ≤0.45 0.2-0.45 ≤0.15 ≤0.1 Balance 

 

AlSi10Mg_200C is a powder, which when used in the additive manufacturing process, 

produces parts with properties close to an A360.1 aluminum die-cast alloy. Because of 

satisfactory strength, AlSi10Mg_200C can be used for applications with high loads, thin 

walls, and complex geometry. AlSi10Mg is the choice for many designers and engineers, 

who are looking for a material suitable for applications, which require a combination of 

good thermal properties and low weight [40]. AlSi10Mg_200C has the same chemical 

composition as AlSi10Mg, but it is optimized to heat up the building platform to 200ºC to 

reduce internal stresses typically seen with parts made through the DMLS process [40]. 

3.2 DMLS Process 

The EOS M290 machine was used as shown in Figure 5 to additive manufacture the 

AlSi10Mg_200C powder provided by EOS GmbH through the DMLS technique.  
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Figure 5: Representation of the EOS M290 [41] 

This machine utilized a 400-W Yb-fiber laser, a spot size of 100 μm and has a build volume 

of 250 mm × 250 mm × 325 mm [3]. The machine is in the Additive Metal Manufacturing 

Inc. facility in Concord, Ontario. To build the samples, standard process parameters that 

yield the least porosity recommended by the manufacturer were used. The laser power was 

370 W, with a scan speed of 1300 mm/s, hatch spacing of 190 μm, and a powder layer 

thickness of 30 μm. In addition, the strip scanning strategy was used to build the samples, 

where the laser beam was rotated 67° between successive layers. To decrease the internal 

residual stresses, the build platform was heated up to 200°C and kept at that temperature 

throughout the build process. Finally, an Argon atmosphere with oxygen content of 0.1% 

was used consistently to manufacture the samples. 

3.3 DMLS-AlSi10Mg_200C Samples 

Various additive manufactured AlSi10Mg_200C samples were manufactured and used 

throughout this study. Three cube samples of AlSi10Mg_200C with 15 mm × 15 mm × 15 

mm dimensions were additively manufactured for polishing, and further etching to reveal 
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the microstructure along with porosity and hardness measurements. It is noted that, these 

cubes were manufactured using recycled powder. The top as well as the sides of the cube 

were studied under the microscope as shown in Figure 6 with reference to the printing 

direction.  

 

Figure 6: Cube sample with reference points for microscopy 

In addition, to study the effect of building direction on the mechanical properties and 

microstructure of DMLS-AlSi10Mg_200C, rod shaped samples with 102 mm height and 

12.47 mm diameter were built using recycled powder in both vertical and horizontal 

directions (three samples in each direction) as shown in Figure 7. 
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Figure 7: Rod shape samples both in vertical and horizontal directions 

3.4. Polishing 

A Nanotom 100 Pace Technologies mechanical polisher was used to polish the samples to 

mirror like or any other surface roughness needed quality, throughout this work. However, 

all the grinding and polishing cloths along with other polishing consumables were from 

Struers. 

3.5. Optical Microscopy 

Porosity measurements and initial microstructure studies on the as-built samples were 

made possible using the Zeta-20 optical microscope (OM). Using conventional mechanical 

metallography methods, all the samples were first polished to a 1µm finish. Porosity 

measurements were performed on the un-etched samples; however, all the samples were 
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then etched using Keller’s reagent consisted of 190 ml distilled water, 5 ml Nitric acid, 3ml 

Hydrochloric acid, and 2 ml Hydrofluoric acid, for 30 seconds to reveal the microstructure. 

3.6. Scanning Electron Microscopy 

A Jeol 6400 scanning electron microscope (SEM) was used to study both the as-built 

microstructure with more details and to perform fractography on the fracture surface of the 

failed samples. Both the etched as-built samples were placed in the chamber without any 

further procedures. However, the failed uniaxial tensile samples were further cleaned using 

high-pressure air to ensure the removal of all kinds of discrepancies such as dust. 

3.7 Hardness Measurements 

A CLARK Rockwell hardness testing machine (Model CRM12) equipped with a 1/16" 

diameter steel ball indenter under 100 kg load was used to measure the hardness of the as-

built cube samples at various depths. The hardness measurements were performed both on 

the top surface and faces of the samples. To ensure the repeatability of the procedure, the 

hardness measurements were performed 10 times. The hardness values of hardness were 

then averaged and reported based on B scale.    

3.8 Uniaxial Tensile Testing  

Since the DMLS method introduces a layer-by-layer manufacturing process, the final part 

can be prone to anisotropy. The mechanical properties of metal 3D printed samples are 

almost the same in the x-y plane [42]; thus, in this study two sets of samples were printed, 

one set in the horizontal (x-y plane) and one in the vertical direction (z plane) as shown 

below in Figure 8.  
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Figure 8: Orientation of the horizontally and vertically printed samples 

As mentioned earlier, both horizontal and vertical tensile samples were originally printed 

as cylindrical specimen with a length of 102 mm and a diameter of 12.47 mm. Using the 

ASTM Standard, E8-15a Standard Test Methods for Tensions Testing of Metallic 

Materials [43], the following specifications in Table 2 and Figure 9 were used to create the 

uniaxial tensile samples in both directions.  

Table 2: Dimensions for tensile samples according to E8–15a ASTM standard 

Gauge Length 

(G) 
Diameter 

(D) 
Radius of fillet 

(R) 
Length of reduced 

section (A) 
24 mm 6 mm 6 mm 30 mm 

 

To practice the procedure of creating the actual specimen as well as having samples to 

calibrate the tensile testing machine, cylindrical specimen were manufactured using 

standard aluminum bar stock. First, a tool was created for the lathe with a 6mm radius to 

allow the radius to be applied to the specimen. For the horizontally printed specimens, there 
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was added difficulty for machining as a print bed was still attached, where the vertical 

samples were already cylindrical. The lathe was used to remove the print bed to ensure all 

samples horizontal and vertical could be machined properly to the specifications of E8–

15a Standard Test Methods for Tensions Testing of Metallic Materials. [43] 

 

Figure 9: Dimensions for tensile samples from E8-15a ASTM standard 

The specimens were then scribed around the circumference to help as a guide leaving a 

minimum length of reduced section. To ensure each specimen was fixed properly on the 

lathe prior to using the tool, a center hole was drilled in one end so that it could be secured 

at both ends. Once secured in the lathe, material was taken off using the radius tool between 

the two scribed lines. After each pass the diameter was measured using Vernier calipers to 

approximate the required fillet getting close to 6mm. For a more exact measurement, when 

the measurement was close to 6mm, a micrometer screw gauge was used for further 

precision. Each tensile sample was made following this process and the final product is 

shown in Figure 10. 
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Figure 10: Horizontally printed AlSi10Mg_200C sample as machined prior to tensile 

testing 

For the tensile tests, as previously mentioned, the standard aluminum samples were used 

first to ensure the testing procedure and the Instron universal testing machine was working 

as expected. A data rate of 10 points/sec was chosen with a ramp rate of 1.3 mm/min. The 

load cell being used on the Instron machine had an upper limit of 25 kN. After testing of 

the first three aluminum specimens, the stress strain curves agreed with results found in the 

literature for the same material. Subsequently, the horizontally printed samples as well as 

the vertically printed samples were tested using the same parameters.  

3.9 High Strain Rate Impact Testing 

Three circular cylinders both in vertical and horizontal directions 102 mm in height and 

12.47 mm in diameter were built using virgin AlSi10Mg_200C powder. These rods were 

then machined to shock loading standard samples with 10.5mm in height and 9.5mm in 

diameter both in horizontal direction as well as vertical as shown in Figure 11 [37]. 
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Figure 11: Specimen used for dynamic compression test 

Using the Split Hopkinson Pressure Bar (SHPB) facility available at the University of 

Saskatchewan, the horizontal and vertical samples were tested under different compressive 

strain rate conditions. It is noted that, the samples were setup such that, the direction of 

compressive shock loads was parallel to the longitudinal axis of all the samples. Three 

samples were tested at each strain rate ranging from 180 s-1 to 3200 s-1 to ensure consistency 

and repeatability. It is important to note that all testing was performed at room temperature. 

A schematic of the SHPB apparatus used is shown in Figure 12.  

 

Figure 12: A schematic of the Split-Hopkinson pressure bar setup used for dynamic 

impact testing 
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Using gas, a striker was fired into the incident bar to deform the samples at high strain 

rates. By increasing the gas pressure in the firing chamber, a higher velocity is achieved, 

thus resulting in a higher strain rate. When the incident bar was struck, a strain wave 

travelled through it until part of it passed through the sample to the transmitter bar (εT) 

while the other part was reflected (εR). These strains were measured by placing strain 

gauges on the respective bars and by using the equations shown below, the sample stress. 

Strain, and strain rate were calculated as follows [44] 

𝜎 = 𝐸
𝐴0

𝐴𝑠
𝜀𝑇  Eq.1 

𝜀̇ = 𝐸
−2𝐶0

𝑙𝑠
𝜀𝑅  Eq.2 

𝜀 =
−2𝐶0

𝑙𝑠
∫ 𝜀𝑅𝑑𝑡 

𝑡

0
     Eq. 3 

where E is the Young’s modulus of the incident and transmitter bars, A0 and As are the cross 

sectional area of the bars and sample respectively, C0 is the velocity of sound in the bars 

and ls is the initial height of the samples. The reported curves seen later in the study are an 

average curve of the results from the three tests performed for each sample.   
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4. Characterization of Recycled AlSi10Mg_200C   

4.1 Powder Analysis 

In this section, several types of additive manufacturing powder (specifically 

AlSi10Mg_200C) as they relate to the manufacturing process are discussed. The powder 

can be split into three categories as follows:  

1. Virgin: As received from the powder manufacturer, which has not been used before; 

2. Sieve: The recycled powder after sieving the left over on the print bed (recycled), 

which has very close characteristics to the virgin powder; 

3. Condensate: The remaining melted or oxide powder after the recycling procedure, 

which cannot be used for additive manufacturing anymore. 

A sample of each of the three types of powder was collected during the additive 

manufacturing process of the tensile specimens used for this study. Each of the types of 

powder was analyzed under SEM with the objective of comparing the powder morphology 

as well as the average size of the “particles” of powder. Fiji software was used to measure 

the diameter of approximately 200 particles of powder for multiple pictures to gain an 

approximate average size. Virgin powder, the most commonly used powder in the additive 

manufacturing process, is the material comes from the manufacturer as raw powder. Figure 

13 shows the virgin powder of AlSi10Mg_200C under SEM. 
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Figure 13: Virgin powder under an SEM 

The average diameter of the virgin powder was found to be 8.8 μm with a standard 

deviation of 7.5. It is important to note that, as expected with a new raw material, most of 

the powder shown above may vary in diameter but is made up of smooth spheres. Figure 

14 shows on a much smaller scale, the virgin powders with varied sizes. 
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Figure 14: A large particle of virgin powder under SEM 

Figure 14 explains the reason for such a large standard deviation in the previously 

mentioned particle size. The large particle shown above has a diameter of approximately 

42.3 μm, while one of the smaller particles has a diameter of 1.2 μm. This variation in 

particle size can be seen through all images resulting in the standard deviation given.  

A SEM image of condensate powder at the 50 μm scale is shown below in Figure 15 to 

compare to the virgin powder at the same scale in Figure 13.  
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Figure 15: Condensate AlSi10Mg_200C powder 

After analyzing multiple SEM images of the condensate powder, it was determined that 

the average particle size was 29.5 μm with a standard deviation of 20.9 μm. This is more 

than double the size of the virgin powder particles because of the conglomeration and 

partial melting of particles during the additive manufacturing process. Since this sample of 

condensate powder has been removed from a manufactured part, these particles have 

experienced heat and melting as can be shown at a higher magnification in Figure 16. 
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Figure 16: Partial melting of AlSi10Mg_200C powder 

The dark deformed shapes connecting multiple spherical particles of powder together show 

the melting occurring in the process. Another noteworthy difference between the 

condensate particles and the virgin particles is the “raisin” like appearance of the 

condensate particle surface. Along with the increased size of the particles differentiating 

condensate powder from the virgin powder, these deformities on the surface of the particle 

increase the surface to volume ratio resulting in different energy absorptivity. The final 

type of powder studied was the leftover powder surrounding the manufactured part on the 

print bed, which has been recycled called sieve powder shown below in Figure 17.  
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Figure 17: Sieve powder sample of AlSi10Mg-200C 

The particle analysis revealed results like those achieved for virgin powder, an average 

particle size of 10.9 μm with a standard deviation of 8.6 μm. It can be seen in Figure 17 

that the particles are also still smooth spheres as expected with virgin powder and unlike 

condensate powder. These findings suggest that physically the virgin and sieve powders 

could be used interchangeably during the additive manufacturing procedure to help achieve 

lower cost. The spherical morphology seen in the majority of both the virgin and sieve 

powder images suggest increased powder flowability, more uniform powder layer 

thickness, and a better packing density [45]. Also, the smooth surface of the virgin and 

sieve spherical particles means a higher surface quality can be achieved. Although it is 

possible that the sieve powder may be usable after many cycles through a printer, the 

powder used for this study has only been through the printer once. This initial study also 
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shows that physically, the condensate powder is much different than the virgin or sieve 

powder. It would be expected that due to its much larger particle size and “raisin” like 

morphology, the partially melted condensate powder would lead to impurities within an 

additively manufactured part.  

4.2 Microstructure of the As-Built Samples 

Cube samples of AlSi10Mg_200C were polished and etched to reveal the microstructure 

of the additively manufactured samples. The top as well as the sides of the cube that were 

studied under the microscope were shown earlier in Figure 6 with reference to the printing 

direction.  

By looking at the side of the cube, the melt pools are visible as material is melted layer 

by layer to form the part. The top view allows for the visualization of the path of the laser 

as the scan tracks show the pattern or scanning strategy used. The resulting pictures from 

the microscopy for both the side view and top view are shown below in Figure 18. 

 

Figure 18: A side view of the cube sample (left) and top view of the cube sample (right) 
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The sample shown in Figure 18 was polished using conventional metallography methods 

to a 1μm finish and etched for 30 seconds using Keller’s reagent. The melt pools for this 

sample were made extremely clear and the material once heated, sinks downwards to create 

these pools along each layer. The scanning strategy can be seen in the top view where there 

appears to be two layers visible: a clearly shown layer with diagonal regions and another 

layer scanned with nearly perpendicular laser direction to the previous. This image brings 

to light the previously mentioned scanning parameters, where the layer height relates to the 

melt pools seen in the side view image, the hatch spacing relates to the visible scan tracks 

crossing the image in the top view, as well as the stripe scanning strategy of rotating 67° 

between successive layers. Although there are numerous process parameters involved in 

additive manufacturing, arguably the most important parameters make up the energy 

density (VED) equation is described as follows: 

𝑉𝐸𝐷 =
𝑃

𝑣ℎ𝑑
    Eq.3 

where P is the laser power, v is the scan speed, h is the hatch spacing and d is the layer 

thickness. The process parameters used for this process yield a VED of 49.9 J/mm3. VED 

is a term, which helps improve the controllability of the additive manufacturing process by 

integrating the previously mentioned parameters, which are all interconnected [46]. For 

example, if all scanning parameters were kept the same but the laser power was increased 

from 370 W, to keep the same VED it would be expected one or all of the following would 

need to happen: the layer thickness would need to be increased resulting in increased melt 

pool depth (left), the scan tracks (right) would become wider hence maximizing the overlap 

between passes, or the scan speed would be increased.  
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4.3 Porosity and Hardness 

The 15 mm cube samples, which were used for the microscopy doubled as specimen to 

measure the hardness and porosity at various depths within the sample. For the first set of 

hardness measurements taken at the outer edge, the outer porous layer of material was 

removed and then the sample was polished to a mirror-like surface. For each set of hardness 

tests, ten values were recorded covering the cubes face. The porosity was then measured 

using pictures taken with the microscope and Fiji software to analyze the photos. Pictures 

like the one shown below in Figure 19 were taken until almost the entire surface was 

covered.  

 

Figure 19: Typical OM photograph used for measuring porosity 

Figure 20 shows the findings in the Y-direction (perpendicular to printing direction) where 

0 mm represents a face of the cube in the Y-direction and 15 mm would be the opposite 

face. 
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Figure 20: Porosity vs. Hardness in the Y-Direction 

Figure 21 shows that at the outer edges of the cube sample, the porosity was approximately 

the same on both sides with a value of 0.55% at 0mm and 0.58% at 15 mm. The hardness 

was shown to be 57 HRB at both outer edges. After removing 2 mm of material, 

measurements were once again taken at 2 mm and 13 mm where hardness values of 57.5 

HRB and 58.3 HRB and porosities of 0.53% and 0.50% were recorded respectively. At a 

depth of 3 mm and 12 mm, the hardness values were 60.2 HRB and 59.5 HRB with 

porosities of 0.50% and 0.48%, respectively.  

 

Figure 21: Porosity vs. Hardness in the Z-Direction 
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In Figure 21, the top and bottom (15 mm and 0 mm respectively) of the cube sample show 

hardness values of 64.5 HRB and 59.5 HRB with porosities of 0.46% and 0.3%. These 

values vary from top and bottom much more then seen with comparisons of opposite sides 

earlier in the Y-direction. This is most likely since the printing direction is in the Z-

direction, meaning the bottom of the sample is at 0 mm and these values were taken from 

one of the first layers on the print bed. However, the values recorded at the top of the 

sample would then be taken from the last layer. This means that if the bed was not heated 

as necessary or there was an error with the power of the laser beam at the beginning of the 

printing process, there may be defects causing a low hardness value and high porosity for 

the bottom of the sample. At 14 mm and 1 mm, the hardness values were 64.8 HRB and 

61.3 HRB with porosities of 0.43% and 0.63%. At 12 mm and 3 mm, the hardness was 

much closer with values of 65.4 HRB and 64.2 HRB with a porosity of 0.39% and 0.52%.  

Virgin AlSi10Mg samples produced in another study [7] gave a maximum hardness of 70 

HRB but it was not said where on the samples the hardness measurement was taken 

(surface or at depth). The same study compared the virgin samples to a high-pressure die-

cast AlSi10Mg sample with a hardness of 59.3 HRB. A study, which focused on the effect 

that scanning parameters had on porosity [47], found their additively manufactured 

AlSi10Mg samples ranged in porosity from 2% to 5%. This suggests that although a 

slightly higher hardness was reported with virgin samples, the recycled samples had a 

lower porosity. 
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4.4. Quasi-Static Uniaxial Tensile Testing 

In this section, the stress-strain curves resulting from uniaxial tensile tests of DMLS-

AlSi10Mg_200C printed using recycled powder in both directions are presented. The 

results are then compared with available data in the literature to those made with virgin 

powder. 

4.4.1 Experimental Results 

The tensile samples were tested in two separate batches, horizontally printed and vertically 

printed directions. The horizontally printed samples were tested first, and the resulting 

engineering stress-strain curves are shown in Figure 22.  

 

Figure 22: Stress vs. Strain for horizontally printed AlSi10Mg_200C samples 
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As shown above, the curves are extremely consistent seeming to confirm that additively 

manufactured parts using DMLS technique can demonstrate consistent mechanical 

properties from part to part. The modulus of elasticity was 70 GPa, the 0.2% offset yield 

stress was found to be 240 MPa, and the ultimate tensile strength was found to be 386 MPa. 

The elongation at break varied slightly from sample to sample from 5.5% to 8.8%. 

The vertically printed samples were tested afterwards, and the resulting engineering stress-

strain curves are shown in Figure 22.  

 

Figure 23: Stress vs. Strain for vertically printed AlSi10Mg-200C samples 

The consistency from test to test that was present during horizontal testing was even more 

so seen in the uniaxial tensile tests for the vertical samples. The modulus of elasticity was 

69 GPa, the 0.2 % offset yield strength was 210 MPa, and the ultimate tensile strength was 
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393 MPa. The elongation was more consistent than for the horizontal samples as it only 

varied from 5.50 % to 5.75 %. 

4.4.2 Comparison of Mechanical Properties Achieved Through Quasi-Static Testing 

For a visual comparison of the differences and similarities between the deformation 

behaviour of the horizontally versus vertically printed samples subject to uniaxial tensile 

testing, a typical curve from each is shown in Figure 24. 

 

Figure 24: Comparison of typical engineering stress-strain curves from horizontally and 

vertically printed samples 

Although the slope of the elastic portion of the curve appears extremely close suggesting a 

similar Young’s modulus for both printing directions, the vertically printed sample yielded 

considerably faster than the horizontally printed. It is also immediately apparent that the 
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horizontally printed sample had a slight edge, when comparing ductility but had a slightly 

lower UTS than the vertical sample. A numerical comparison between mechanical 

properties obtained experimentally from both vertically and horizontally printed 

AlSi10Mg_200C samples to other studies as well as to die-cast A360 is found below in 

Table 3. 

Table 2: Comparison of mechanical properties of AlSi10Mg_200C and A360 die-cast 

Study 

Machine 

 used 

Powder 

Type 

Printing 

Orientation 

Yield 

strength 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

This 

work EOS M290 Recycled Horizontal 240 ± 5 386 ± 10 7.2 ± 1.5 

   Vertical 210 ± 5 393 ± 10 5.5 ± 0.3 

[48] Concept Laser M2 Virgin Horizontal 252 ± 17 339 ± 37 1.3 ± 0.8 

   Vertical 232 ± 9 319 ± 42 1.1 ± 0.4 

[40] EOS M280 Virgin Horizontal 270 ± 10 460 ± 20 9 ± 2 

   Vertical 240 ± 10 460 ± 20 6 ± 2 

 [49] Die Cast A360 - - 165 315 4 
 

When comparing the effects of printing orientation on the mechanical properties of DMLS-

AlSi10Mg_200C, our study seen horizontally printed AlSi10Mg_200C display a higher 

elongation, yield strength, and modulus of elasticity than vertically printed, which was as 

expected. This is because the layers during the additive process are layered vertically in the 

z-direction. For a horizontal specimen there would be less layers and during the tensile test 

the force would not pull these layers apart. This was a common theme across all references 

as horizontally printed continuously displayed similar or superior properties to vertically 

printed including UTS [40]. Our testing resulted in a slightly higher UTS for vertical as 

opposed to horizontal samples but is within the error range suggesting they could be similar 

as seen with the findings of the EOS M280 study. When performing the tensile test for the 
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vertical specimen, the force was acting normal to the layers resulting in the layers being 

pulled apart from each other meaning if anything, it should be weaker in tension. 

As far as comparing the recycled powder to the other studies, which all used virgin powder, 

they showed superior qualities to the Concept Laser M2 but were slightly inferior to those 

achieved with a similar printer, the EOS M280. While it is possible that this discrepancy is 

due to the use of recycled powder, it could also be due to a more refined process. Without 

knowing the process parameters used, it is possible that a better combination unknown to 

our manufacturer was incorporated. A similar cast material A360.0 reported mechanical 

properties well below those shown for both horizontal and vertical samples. The die-cast 

material shows a much lower UTS, yield strength, and elongation at break [49]. 

4.4.3 Constitutive Modelling 

As previously discussed, the ability to represent the experimental findings of the 

mechanical testing is important to ensure existing material models work to predict the 

mechanical behaviour. The engineering stress-strain curves from the tensile test were 

converted to effective stress vs. effective plastic strain using the following two equations 

𝜎 = 𝑠(1 + 𝑒)     Eq. 5 

𝜀 = 𝑙𝑛(1 + 𝑒)   Eq. 6 

where s and e represent the engineering stress and strain from experimental data, while σ 

and ε are the true stress and strain, respectively. Since material models for LS-DYNA use 

effective plastic strain, the true stress and strain data after yield were converted to effective 

stress 𝜎 and effective plastic strain εp. Since the curve is obviously not a linear hardening, 
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two existing models were then evaluated to see if they fit the experimental curves for both 

the horizontal and vertical data. The first was the power law shown as follows [50] 

𝜎 = 𝜎0 + 𝐾𝜀𝑝
𝑛      Eq. 7 

where 𝜎 is the effective true stress, σ0 is the yield stress, K is a strength coefficient, n is 

the hardening exponent, and εp is the plastic strain. The other evaluated model was the 

Chang-Asaro [51] equation shown as follows 

 𝜎 = 𝜎0 + (𝜎𝑠 − 𝜎0) ∙ tanh (
ℎ0

𝜎𝑠−𝜎0
∙ 𝜀𝑃)   Eq. 8 

where σs is related to the saturation stress and h0 is related to the initial hardening rate [51]. 

Both models were first evaluated for the horizontally printed curve as shown in Figure 25. 
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Figure 25: Constitutive models evaluated for the horizontally printed data 

The slope of the power law model was found to be excessively steep at the beginning of 

the curve if the slope at the end of the curve was to agree with the experimental data. If the 

hardening exponent was modified for better agreement at the beginning, there was no 

agreement at the end near failure.  It was determined that the power law did not accurately 

fit the experimental data and therefore the Chang-Asaro model was evaluated. As shown, 

the model had good agreement from the yield point until failure was reached. Since the 

vertical curve had a steeper slope after yield, both models were once again evaluated as 

shown in Figure 26. 
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Figure 26: Constitutive models evaluated for the vertically printed data 

The power law once again did not match the initial plastic hardening as it was too steep if 

the failure was to be matched. The Chang-Asaro model once again showed good agreement 

along the entire curve suggesting the plastic deformation for both the horizontal and 

vertical samples could be matched using an existing constitutive model. The parameter 

values used for both models are shown below in Table 4. 

Table 3: Parameters for constitutive modelling 

 Power Law Chang Asaro 

Printing Orientation σ0 (MPa) K (MPa) n σs (MPa) h0 (GPa) 

Horizontal 240 520 0.35 440 6.5 

Vertical 210 650 0.35 440 9 
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4.5 Fracture Surface Analysis 

Figure 27 shows the fractured horizontally printed as well as vertically printed specimen. 

The failure surfaces of both the horizontal and vertical tensile specimen were examined 

after fracture under SEM.  

 

Figure 27: Fractured samples in both printing directions 

Figure 28 shows SEM images of horizontally printed AlSi10Mg_200C tensile specimen 

from the side of the sample. On the left most picture, cleavage planes are apparent 

suggesting a brittle type of fracture in the horizontally printed sample but on the right most 

picture there is a clear example of ductile fracture due to the dimpled surface. This suggests 

that the material failed in a combined ductile and brittle manner. Similarly, in Figure 29, 

the vertically printed sample also displays cleavage planes along with a dimpled surface. 

It is noted that, these images were also taken looking to the side of the fracture surface. 
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Figure 28: SEM images of horizontally printed AlSi10Mg_200C tensile specimen 

 

Figure 29: SEM images of vertically printed AlSi10Mg_200C tensile specimen 

Figure 28 and 29 suggest that both printing orientations resulted in fracture surfaces 

depicting ductile and brittle fracture. The ductile fracture regions are represented by 

dimpled surfaces whereas the brittle fracture regions show cleavage surfaces or flat 

surfaces. It is important to note that in Figure 28, the presence of more visible dimples 

suggest the horizontally printed orientation results in a more ductile material than the 

vertical printing orientation. 
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Figure 30: Fracture surface of horizontally printed tensile sample under SEM 

In Figure 30, a macroscopic SEM image of the fracture surface from the top of the sample 

is presented, where visible holes are apparent across the entire area. This is made clearer 

in the top right image at the 100 μm scale, where numerous holes can be easily identified. 

These holes could be due to the detachment of scan tracks, which were located parallel to 

the tensile load during deformation. This would be a result of the previously mentioned 

scanning strategy of 67° rotations between printed layers as it is probable that some of 

these rotated layers had scan tracks, which ended up in the same direction as the tensile 

load. If fracture initiated at defect locations within these scan tracks and then propagated 

parallel to the tensile load, the scan tracks could be completely separated as shown. When 
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this occurred, these hollow tunnels would then appear on the fracture surface but would be 

scattered as the scan tracks should only be in the same orientation every several layers [52]. 

 

Figure 31: Fracture surface of vertically printed tensile sample under SEM 

In contrast to the horizontal samples, where the scan tracks were visible as tunnels or holes 

coming out of the sample (parallel to the tensile load), the scan tracks are shown above in 

Figure 31 as tunnels perpendicular to the tensile load. These scan tracks, which appear in 

the magnified image on the top right as empty gutters would be, where the fracture initiated 

before quickly detaching the melt pool at its boundaries. It is probable that fracture then 

continued through weak spots within the layers until complete fracture occurred.  
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Figure 32:  Fracture surfaces for vertically printed (left) and horizontally printed (right) 

as well as possible grain configurations for each build orientation 

Figure 32 reinforces the previously mentioned theories about the fracture mechanisms as 

the fracture appears to follow the melt pool boundaries depicted for the vertically printed 

surface (left). This is as expected as in previous works it was shown that the coarser regions, 

which appear at a melt pools boundary are the weaker points while inside the melt pool 

finer and stronger regions are observed [32]. Furthermore, it appears that once fracture was 

initiated for the horizontally printed material within the layers, it propagated straight 

through the middle of the melt pools. This could possibly be explained by the grain 

size/structure of the melt pools based on the building direction of the fractured samples. 

For the vertical sample it is possible that there are more columnar grains due to the 

repetitive heating of each layer. Since there are more layers in the vertical samples, the heat 

needs to repeatedly exit the build from the top layer of melting to the print bed at the bottom 

more times than that necessary for a horizontally printed sample. This would suggest that 

its possible that the horizontal sample has a more equiaxed grain structure. If this 

hypothesis is correct it would explain why the vertical sample fractures along the melt pool 
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boundaries as oppose to through the columnar grains while for the horizontal sample, the 

fracture propagates along equiaxed grains with little interest in the boundaries themselves. 

It is also interesting to note that, unmelted particles were found on the fracture surface on 

one of the tensile samples that failed prematurely compared to the rest. This suggests that 

during the manufacturing process, some of the particles of powder were left unmelted and 

could have caused a weak point in the sample which in turn could be a fracture initiation 

point.  
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5. High Strain Rate Behavior of AlSi10Mg_200C   

5.1 Experimental Results  

Mechanical properties of parts made from DMLS-AlSi10Mg_200C under high strain-rate 

loading are of interest in this section. The anisotropic behaviour of this alloy has been 

investigated under quasi-static conditions, but this study will focus on its behaviour under 

shock loading conditions. This work aims to shed light on the anisotropic behaviour of 

DMLS-AlSi10Mg_200C by performing shock loading testing using a split-Hopkinson 

pressure bar apparatus under compressive strain rates of up to 3200 s-1 on samples printed 

in both horizontal and vertical directions like the ones shown in Figure 33.  

 

Figure 33: Undeformed horizontally printed (left) next to a deformed sample (right) 

Constitutive equations were also developed to describe the alloy’s dynamic mechanical 

behaviour. The horizontally printed samples were separated into groups of three samples 

tested at six different strain rates ranging from 150 s-1 to 3200 s-1 as shown in Figure 34. 



 

56 

 

The curves shown are the average curves of each strain rate showing engineering stress vs. 

engineering strain. 

 

Figure 34: Stress-strain curves of horizontally printed samples at different strain rates. 

Although nominal strain rates are used to group the data it does not mean that the SPHB 

tests had a constant strain rate throughout the shock loading procedure. During the 

compression tests, the strain rate increased with strain to a plateau. This plateau remained 

constant until strain rate started decreasing again until final strain. The nominal strain rates 

used are the average values of these plateaus. Typical strain rate vs. strain plots for the 

nominal strain rates used for horizontally printed testing are shown in Figure 35. 
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Figure 35: Typical strain rate vs. strain curves for horizontally printed samples 

The vertically printed samples were also separated into six different sets of samples based 

on the strain rates they were deformed at, ranging from 195 s-1 to 2200 s-1. Figure 36 shows 

stress-strain curves for vertically printed samples at different strain rates. 
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Figure 36: Stress-strain curves of vertically printed samples at different strain rates. 

The same procedure as previously discussed for the horizontal samples was also used to 

choose the nominal strain rates for the vertical samples. Although the shape of the strain 

rate vs. strain plots for the vertically printed samples are not as uniform as seen with the 

horizontally printed samples, the strain rate at the plateau was used to determine the 

nominal strain rate. Figure 37 shows the typical strain rate vs. strain used for vertically 

printed samples. 
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Figure 37: Typical strain rate vs. strain curves for vertically printed samples. 

5.2 Model Development  

As seen from the experimental data, the curves become quite complicated shapes with 

multiple peaks. For a theoretical model to accurately represent the experimental data, 

multiple functions were required. The experimental curves with multiple peaks consisted 

of three portions, so a function was required for each of the following: initial hardening, a 

thermal softening, and decay until final strain.   

For the results from the horizontal impact testing, a power-law hardening type behaviour 

was observed after the yield, regardless of the strain rate. This led to the development of 

Equation 9 with a power law portion as follows 
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𝜎 = 𝜎0 + 𝐾𝜀𝑝
𝑛 ∙ 𝐹1 ∙ 𝐹2 Eq. 9 

where 𝜎 is the effective true stress, σ0 is the yield stress, K is a strength coefficient, n is the 

hardening exponent, and εp is the plastic strain. To ensure an appropriate fit through the 

softening phase seen after the initial hardening, the hyperbolic tangent function F1 was 

added as follows: 

𝐹1 = [𝑡𝑎𝑛ℎ2 (
𝜀𝑝−𝜀𝑚

𝐴
) + 𝐵]  Eq. 10 

where εm is a strain related to the inflection point of the trough where the softening phase 

returns to hardening, A controls the width of said trough, and B controls the depth of said 

trough. To accurately match the end of the curve, which decays until final strain, the 

exponential term F2 was used as follows:   

𝐹2 = [1 − exp (𝐶
(𝜀𝑝−𝜀𝑓)

𝜀𝑝
)]   Eq. 11 

where C is a constant which correlates to the severity of the decay and εf  is related to the 

final strain. The model shown in Equation 9, which was used to fit the dynamic impact data 

for the horizontally printed samples did not accurately fit the vertically printed results, due 

to the initial linear hardening behaviour observed after yield with the vertically printed 

samples. Therefore, Equation 12 was needed, where the power-law model was replaced by 

the Chang-Asaro hardening equation [51] as follows: 

𝜎 = 𝜎0 + [(𝜎𝑠 − 𝜎0) ∙ tanh (
ℎ0

𝜎𝑠−𝜎0
∙ 𝜀𝑃)] ∙ 𝐹1 ∙ 𝐹2    Eq. 12 

where σs is related to the saturation stress and h0 is related to the initial hardening rate. With 

the addition of the yield stress as well as the product of the two functions F1 and F2, an 
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appropriate equation was constructed to describe the stress-strain behaviour of the vertical 

samples.   

Figure 38 shows a schematic illustrating the decomposition of each model (vertical and 

horizontal) into its constituents. This schematic shows how each of the theoretical models 

are constructed with different hardening laws used at the beginning but combined with the 

same functions F1 and F2. The goal of this approach, again, is to separate the effects of 

strain hardening and softening to facilitate a better comparative analysis. 

 

Figure 38: Schematic depicting the model formulation for each printing direction 

5.3 Discussion  

Herein, a detailed analysis of all flow curves and the mechanism behind such mechanical 

behaviours in both directions along with the curve fits for DMLS-ALSi10Mg_200C are 

presented. In addition, a closer look at the variation of hardening, and mechanical 

properties such as yield strength, peak flow stress(s), and final strain is further delivered. 

Finally, the effect of each parameter on the overall behaviour of the flow curves is 
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discussed to shed more light on the strain hardening and softening characteristics of 

DMLS-AlSi10Mg_200C alloys under high strain rate shock loading conditions. 

5.3.1 Constitutive Modelling of Effective Stress vs. Plastic Strain 

As the experimental data for the quasi-static tensile testing in the previous section of the 

study was converted from engineering stress-strain to effective or flow stress-plastic strain, 

the same was done for the high strain compression testing. Figure 39 shows the summary 

of the flow stress experienced by deformed horizontal samples at each of the strain rates 

shown below ranging from 150 s-1 to 3200 s-1.  

 

Figure 39: Flow stress vs. effective plastic strain for the horizontally printed samples 
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The theoretical model previously discussed in Eq. 8 was then fit to each of the strain rates. 

It is important to note that, a large scale was chosen for the following figures so that the 

curves at the lower strain rates could be compared curves at the higher strain rates. Figures 

40, and 41 show results of the theoretical model fit to the lower strain rates of 150 s-1 and 

800 s-1, respectively. 

 

Figure 40: Model evaluated for horizontally printed data at a strain rate of 150 s-1 

In the 150 s-1 curve there is an initial hardening to a peak flow stress of 350 MPa followed 

by a softening until final strain at approximately 2%. The shape of this result is like what 

would be expected for quasi-static compression with a much lower strain rate comparable 

to results from tensile testing performed on the same material [53]. The model showed 

good agreement throughout the curve with little to no separation. This is expected as the 
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lower strain rate gave a relatively simple shape compared to the higher strain rates. Once 

again, although the scale is much too large for this result, it is important to readily compare 

the curves given by varying strain rates. 

 

Figure 41: Model evaluated for horizontally printed data at a strain rate of 800 s-1 

With an increased strain rate to 800 s-1 a noticeable difference is visible which did not 

happen at the lower strain rate. As the material was hardening, the slope became more 

gradual before once again continuing at the original steepness. This occurred prior to the 

final peak flow stress of 513 MPa. After the peak, softening occurs until a final strain of 

7.1% is reached. The model shows some separation at this slope change but good 

agreement for the rest of the curve. 
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Figure 42: Model evaluated for horizontally printed data at a strain rate of 1300 s-1 

Figure 42 shows results of the theoretical model fit to the experimental data at a strain rate 

of 1300 s-1. At a strain rate of 1300 s-1 the slope change is more visible than at 800 s-1 and 

is followed by slight hardening until its flow stress peaked at 522 MPa. Although the final 

strain is larger at about 12%, curves from both 800 s-1 and 1300 s-1 have the same general 

shape and appear to be in the same regime. For the final strain decay to be accurately fit, 

the model showed some separation at the peak flow stress but overall showed good 

agreement throughout. 
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Figure 43: Model evaluated for horizontally printed data at a strain rate of 1600 s-1 

Figure 43 shows results of the theoretical model fit to the experimental data at a strain rate 

of 1600 s-1. At a strain rate of 1600 s-1 an interesting phenomenon occurs, where after the 

samples hardened to an initial peak, a softening occurs until the slope of the curve becomes 

flat creating a “trough”. This is followed by strain hardening, which continues to the 

secondary peak at a flow stress of 531 MPa. Like previous results, the shock loading 

experiment once again showed softening after peak flow stress until a final strain of 15.6% 

was reached. Although the peak flow stress and final strain were only slightly larger for 

1600 s-1 compared to 1300 s-1, the presence of a softening between two easily discernable 

peaks suggests a new regime emerged. This dynamic strain softening could be a sign of 

continuous recrystallization [54]. Although in other studies the presence of two peaks 

suggested that there may be multiple dynamic recrystallization (DRX) processes occurring 
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at higher strain rates; it is more likely that for this work, thermal softening was the main 

cause for these softening regions [55]. In general, the plastic deformation of metals subject 

to dynamic high strain rate loading is characterized by a combination of strain hardening 

effect and thermal softening. The thermal softening is a result of 90% of the impact energy 

being converted to thermal energy during high strain impact [56]. Another possibility is 

the occurrence of dynamic recovery (DRV), which involves the thermally activated 

motion, condensation, and annihilation of point defects and rearrangement of dislocations 

[57]. Even though with two visible peaks the shape of the experimental curve became more 

complex, the model showed a better agreement throughout the entire curve than it did for 

the simpler shapes seen at 800 s-1 and 1300 s-1. 

 

Figure 44: Model evaluated for horizontally printed data at a strain rate of 1900 s-1 
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Figure 44 shows results of the theoretical model fit to the experimental data at a strain rate 

of 1900 s-1. The strain rate was then increased to 1900 s-1, where the primary peak and 

softening region were more distinct. The peak flow stress increased slightly to 544 MPa as 

well as the final strain to 18.8%. The relationship between the two peaks changed from 

1600 s-1 and 1900 s-1 as the initial peak was much higher with increasing strain rate, while 

the secondary peak only slightly increased. This may suggest that the effect of thermal 

softening becomes more intense with increased strain rate. Due to the relative depth of this 

trough compared to the peaks, the model showed a little separation during the initial 

softening at the base of the trough but showed good agreement through initial hardening, 

at both peaks, and at final decay. 

 

Figure 45: Model evaluated for horizontally printed data at a strain rate of 3200 s-1 
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Figure 45 shows results of the theoretical model fit to the experimental data at a strain rate 

of 3200 s-1. The last experimental data to be fit for the horizontally printed samples was 

data from dynamic shock loading tests performed at a strain rate of 3200 s-1. The peak flow 

stress was reached more quickly than at the previous strain rates reaching 793 MPa before 

the softening phase began. The secondary hardening once again occurred until a second 

peak but unlike previous results, the secondary peak was considerably lower than the 

primary peak. After the secondary peak was reached, softening occurred until a final strain 

of 33%. An overall trend was observed, where with increasing strain rate, ductility 

increased as well as peak flow stress.  

The vertically printed samples required a modified model to fit the experimental data where 

a Chang-Asaro hardening function replaced the power-law hardening function resulting in 

the curves of flow stress vs. effective plastic strain for varying strain rates. Figure 46 shows 

the summary of the flow stress experienced by deformed vertical samples at each of the 

strain rates shown below ranging from 185 s-1 to 2100 s-1.  
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Figure 46: Flow stress vs. effective plastic strain for the vertically printed samples 

The theoretical model from Eq. 12 was then fit to each of the strain rates for the vertically 

printed samples. Figure 47 shows results of the theoretical model fit to the lowest strain 

rate of 185 s-1. 
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Figure 47: Model evaluated for vertically printed data at a strain rate of 185 s-1 

At the lowest strain rates of 185 s-1 a relatively simple curve showing hardening until a 

peak of 370 MPa followed by softening until a final strain of 1.7% is observed. The result 

is quite like that seen at 180 s-1 for the horizontal sample, but due to a much lower yield, 

the hardening fit by the Chang-Asaro is much different. The model showed good agreement 

throughout the entire curve as expected due to the relatively simple shape but demonstrated 

minor separation at final strain. 
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Figure 48: Model evaluated for vertically printed data at a strain rate of 650 s-1 

Figure 48 shows results of the theoretical model fit to the lowest strain rate of 650 s-1. At 

650 s-1 a similar stress-strain relationship is shared with the previous figure. After the 

Chang-Asaro hardening the curve demonstrated a peak flow stress of 460 MPa and reached 

a final strain of 5.2%. The experimental data shows good agreement with the theoretical 

model but with minor separation at the end of the curve as seen at the lower strain rate.  
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Figure 49: Model evaluated for vertically printed data at a strain rate of 930 s-1 

Figure 49 shows results of the theoretical model fit to the lowest strain rate of 930 s-1. At a 

strain rate of 930s-1 the stress-strain relationship evolves as change in slope interrupts the 

linear hardening momentarily before further hardening reaches a peak flow stress of 545 

MPa with the final strain at this strain rate determined to be 7.5%. As previously discussed 

with the horizontally printed samples, this change suggests the possible formation of an 

initial peak for the shock loading data. Good agreement is visible throughout the entire 

curve with little separation at the rapid change in slope as previously discussed. 
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Figure 50: Model evaluated for vertically printed data at a strain rate of 1250 s-1 

Figure 50 shows results of the theoretical model fit to the lowest strain rate of 1250 s-1. The 

change in slope previously mentioned at strain rate of 930 s-1 evolves into an initial peak 

at a strain rate of 1250 s-1 followed by an initial softening before secondary hardening to a 

peak flow stress of 541 MPa. Although the peak flow stress slightly decreases with the 

increased average strain rate, the final strain was increased to 10.4%. It is important to note 

that the peak flow stress is considerably higher than the initial peak at both these strain 

rates suggesting the strain hardening effect is stronger than the thermal softening 

component.  
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Figure 51: Model evaluated for vertically printed data at a strain rate of 1670 s-1 

Figure 51 shows results of the theoretical model fit to the lowest strain rate of 1670 s-1. 

With an increased strain rate of 1670 s-1 the relationship between the two peaks is 

drastically different as the initial peak occurs at 484 MPa before consequent softening and 

hardening brings the peak flow stress to 485 MPa. Unlike at previous strain rates, where 

the peak flow stress located at the secondary peak was much higher than the initial peak, 

the initial peak is now approximately equal to the secondary. Although the final strain is 

13.1% at 1670 s-1, which follows the trend of increasing ductility with increasing strain 

rate, the peak flow stress has significantly dropped from the previous 541 MPa observed 

at 1250 s-1. This is possibly due to a more intense softening occurring with the increased 

strain rate. With increased strain rate comes increased impact energy; hence, increased 
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thermal energy, which may explain the more pronounced softening effect as the effect of 

strain hardening is reduced. 

 

Figure 52: Model evaluated for vertically printed data at a strain rate of 2100 s-1   

Figure 52 shows results of the theoretical model fit to the lowest strain rate of 2100 s-1. At 

2100 s-1 the initial peak once again matches closely with the secondary peak as flow 

stresses of 490 MPa and 494 MPa were seen respectively. The final strain increased to 15% 

matching the trend of increasing ductility with increasing strain rate. It is interesting to note 

that, the softening is much less noticeable at 2100 s-1 in comparison to previous strain rates, 

as the flow stress practically remains constant during the traverse from peak-to-peak. The 

peak flow stress was only 0.2% different at a strain rate 126% larger suggesting that the 

achievable peak flow stress and strength may have reached a plateau. Like the findings for 
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the horizontal samples, dynamic softening regions with multiple peaks occurred only at 

high strain rates (above 1250 s-1 as oppose to 1600 s-1). Further discussion involving the 

mechanisms behind the deformation of vertical samples was discussed in previous studies 

[38].  

5.3.2 Comparison of Mechanical Properties 

By tabulating points of interest on the curves from the experimental data for both the 

horizontal and vertical samples, it is easier to draw conclusions on the differences between 

the two, based on mechanical properties. Figure 53 shows the graphical representations of 

the mechanical properties listed in Table 5 for the yield stress σ0, the two peaks: PFS1 and 

PFS2, as well as the final strain εf.  

 

Figure 53: Schematic highlighting important points from typical experimental curves 
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In past mechanical testing under quasi-static conditions, the Young’s modulus for the same 

material was found to be approximately 70 GPa regardless of the printing orientation [53]. 

Using this as a starting point, the yield stresses were determined for the shock loading data. 

The horizontal samples saw much steeper stress increases in the initial stage of the test 

resulting in consistently higher yield stresses than the vertical samples. The yield stress for 

the horizontal testing also increased with increasing strain rate as shown in Figure 54, while 

strain rate appeared to have little to no effect on the yield stress for the vertical samples as 

shown in Figure 55. 

 

Figure 54: Effect of strain rate on mechanical properties for horizontally printed samples  
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Figure 55: Effect of strain rate on mechanical properties for vertically printed samples 

The final strain increased with strain rate for both the horizontal and vertical samples. At 

comparable strain rates, the horizontal samples appear to reach higher final strains in 

comparison to vertical samples. This is apparent with the horizontal sample deformed at 

1600 s-1 where the final strain was 15.6% while at a strain rate of 1670 s-1 the final strain 

was 13.2%. Furthermore, the horizontal and vertical data at strain rates of 1900 s-1 and 

2100 s-1 showed final strains of 18.8% and 15% respectively. 

Since a PFS or a peak flow stress appeared twice at higher strain rates, the terms PFS1 and 

PFS2 were needed. The second peak or PFS2 refers to the final peak flow stress before the 

exponential decay and exists for all strain rates for both printing orientations. For the 

horizontally printed samples, PFS2 increased with increasing strain rate. However, for 
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vertically printed samples it increased until a strain rate of 930 s-1 before decreasing until 

2100 s-1. PFS1 was present earlier in the vertical data (1250 s-1 and higher) compared to the 

horizontal data (1600 s-1 and higher). Another difference was that while both PFS1 and 

PFS2 increased with increasing strain rate for horizontal samples, PFS1 increased while 

PFS2 decreased for vertical samples. It is also notable that the difference in magnitude 

between the two peaks is reduced with increasing strain rate for both sets of samples. 

Table 4: Mechanical properties for both printing directions from experimental data 

Printing 

Direction 

Strain Rate 

(s-1) 

σ0 

(MPa) 

PFS1 

(MPa) 

PFS2 

(MPa) 

εf 

(%) 

Horizontal 150 270 - 349 1.9 

 800 270 - 524 7.1 

 1300 225 - 523 12.7 

 1600 283 383 532 15.6 

 1900 346 445 549 18.8 

 3200 369 761 704 33.0 

Vertical 185 36 - 372 1.7 

 650 30 - 460 5.2 

 930 40 - 550 7.5 

 1250 31 472 541 10.4 

 1670 34 476 488 13.2 

 2100 37 490 494 15.0 

 

5.3.2 Hardening Rate 

To better understand the differences between the shapes of the two models at different 

strain rates, plots of hardening rate versus strain for both the horizontally printed samples 

and vertically printed samples are shown in Figure 56. 
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Figure 56: Effect of strain rate on hardening rates for horizontally printed samples 

For all the strain rates for the horizontally printed samples, resulting hardening curves start 

higher than 50 GPa. The hardening curve for 150 s-1 becomes negative and continues until 

a final strain is reached showing continuous softening. This curve is in its own regime 

compared to the others, as it is too low of a strain rate to experience the effects of softening 

seen at higher strain rates. At 800 s-1, there are two inflection points representing the portion 

of the curve prior to peak flow stress, where the material starts to soften momentarily before 

once again hardening. Similarly, at a strain rate of 1300 s-1 a softening occurs for a short 

amount of strain before the hardening once again decreases until final strain.   

At strain rates of 1600 s-1, 1900 s-1 and 3200 s-1 the shapes of the hardening curves are 

comparable suggesting deformation occurring at a strain rate of 1600 s-1 to 3200 s-1 falls in 
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the same regime. These curves all cross the x-axis twice representing the two peaks present 

in the previously discussed stress-strain curves. With increasing strain rate the general 

shape of the curve is stretched further to accompany the increased final strain in the x-

direction but the hardening (y-direction) remains comparable throughout the entire regime. 

 

Figure 57: Effect of strain rate on hardening rates for vertically printed samples 

For the vertical samples, a relatively high initial hardening rate was seen at all strain rates 

as shown in Figure 57; whereas, the vertical samples showed a changing slope for initial 

hardening, which becomes more apparent in the plot of hardening rate vs. strain rate above. 

At the strain rate of 185 s-1, the hardening rate is initially more than 100 GPa before rapidly 

decreasing to final strain. At 650 s-1, the hardening rate starts at 38 GPa and decreases at a 

comparatively lower rate until final strain. Similarly, at a strain rate of 930s-1, the initial 
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hardening is 30 GPa and decreases to a final strain at an even slower rate than previous. At 

these three lower strain rates a trend is apparent whereas strain rate increases the initial 

hardening decreases as well as the slope of the hardening rate is reduced. Also, at these 

strain rates the hardening curves only cross the x-axis once suggesting dynamic 

recrystallization is not occurring [37]. 

At strain rates of 1250 s-1, 1670 s-1, and 2100 s-1 initial hardening is 23 GPa, 12 GPa, and 

15 GPa respectively. Although the initial hardening slightly increases from 1670 s-1 to 2100 

s-1, the initial hardening generally decreased with increasing strain rate. It is important to 

note that, at these three strain rates the hardening curves crossed the x-axis at three points 

indicating the pronounced peaks with a softening region in between. While at the lower 

strain rates the two peaks with softening regions in between did not occur as it did at the 

higher strain rates, all curves appear to be third order polynomials. 

5.3.4 Effect of Strain Rate on Parameters 

For both horizontally and vertically printed samples, the parameters of the equations used 

for the theoretical model evolved with strain rate. Since the horizontally printed uses a 

power-law hardening formulation and the vertically printed uses a Chang-Asaro hardening 

model, the parameters for each of these models were studied first. A comparison of the rate 

effects on these two model’s parameters is presented in Figure 58. 
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Figure 58: Effect of strain rate on the parameters from the power law hardening 

equation (left) and the Chang-Asaro hardening law (right) 

The independent variables for the horizontally printed model are the strength coefficient K 

and the hardening exponent n. Except for K at a strain rate of 180 s-1, the strength 

coefficient stayed within the range of 550 MPa to 600 MPa. It is interesting to note that, at 

the regime, which did not show a softening region as previously discussed, the strength 

coefficient was 550 MPa whereas at 1600 s-1 and above where the new regime occurs, the 

K value was consistently 600 MPa. The hardening exponent n generally trended 

downwards with increasing strain rate from 0.7 to 0.24%. Findings from compression 

testing performed on AA6061 fit in both these ranges with values of K and n found to be 

562.5 MPa and 0.55 respectively [58]. 

The independent variables for the vertically printed model using the modified Chang-Asaro 

model were the initial hardening h0 and saturation stress σs. The initial hardening showed 

a clear downward trend from 50 GPa to 3.2 GPa with increasing strain rate. It appears that 

the rate effect of hardening attenuates at higher strain rates suggesting a minimum 

hardening is reached. The saturation stress remained relatively constant ranging from 170 

MPa to 230 MPa for all strain rates. 
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Although the horizontally and vertically printed models possess two parameters 

independent from each other, they each also contain six parameters in common. From 𝐹1, 

the parameters are: 𝜀𝑚, which is related to the minima, or transition strain where softening 

effects end and hardening begins to increase again; 𝐴, which is related to the duration of 

the softening; 𝐵, which is related to the amount of softening, or the depth of the stress-

strain “trough”. From 𝐹2, the parameters are 𝜀𝑓, which relates to final strain, and 𝐶, which 

is related to the rapidity of stress-strain “drop-off” at the final strain. Parameter 𝜎0 is the 

yield stress and the y-intercept for the effective stress vs. plastic strain plots. The effect of 

strain rate on these six parameters for both print orientations are shown in Figure 59. 
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Figure 59: Effect of strain rate on the parameters from the F1, F2 equations. 

An upwards trend with increasing strain rate for both horizontally and vertically printed 

samples is apparent for both the A as well as the εm parameters, although in general the 

horizontally printed data exhibited larger A values, while the vertically printed data had 

higher values for the εm parameter. The parameter B decreased exponentially with an 

increasing strain rate for the horizontally printed model but slowly increased for the 
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vertically printed model. Values of C ranged from 1.2 to 3.2 for the horizontally printed 

model, which was comparatively constant considering C ranged from 2.5 to 9 for the 

vertically printed model. 

For the final strain εf an increasing linear trend was seen for both the horizontally and 

vertically printed models. The trends show good agreement with each other at low strain 

rates but seemed to start to separate more with increasing strain rate. This suggests that 

shock loading at lower strain rates may cause the samples to reach the same final strain 

regardless of printing direction. The yield stress ranged from 170 MPa to 230 MPa for the 

horizontally printed model versus 30 MPa to 75 MPa for the vertically printed model 

suggesting that vertically printed samples yielded much faster than horizontal samples. 

5.3.5 Parametric Study 

Because of the numerous parameters used between the two models, a parametric study is 

useful in demonstrating how each one affects the stress-strain behaviour. The first two 

parameters K and n are from the horizontal model which uses power-law hardening.  
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Figure 60: Parametric study on the parameters from the power law hardening. 

Figure 60 shows a parametric study on the parameters from the power law hardening. The 

solid red curve shows the model used along with its respective parameter values for K and 

n to fit the average flow stress for the horizontally printed samples deformed at a strain rate 

of 1600 s-1. Since K is the strength coefficient, which is multiplied through the equation, it 

acts as a scalar term making the entire curve taller with higher values or shorter with lower 

values. The term n is a hardening exponent, which in this model affects the severity of 

curvature for the model. With n = 0.20 the peaks are much higher resulting in increased 

slopes along the entire curve whereas at n = 0.90 the peaks are much more difficult to pick 

out as the curve has a generally more gradual slope. 

For the model to fit the vertically printed samples a Chang-Asaro type hardening was used 

with the following parameters: initial hardening h0 and saturation flow stress σs. In Figure 

59 the red curve shows the theoretical model used to fit the average flow stress for the 

vertically printed samples deformed at a strain rate of 1250 s-1. 
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Figure 61: Parametric study on the parameters from the Chang-Asaro hardening. 

Figure 61 shows a parametric study on the parameters from the Chang-Asaro hardening 

model. The initial hardening term h0 determines the severity of the slope for the linear 

hardening portion at the beginning of the curve. Increasing h0 increases the slope, which 

consequently increases the height of the initial peak. When this term was doubled as shown, 

it did very little to affect the second peak or the softening afterwards but when it was halved 

the secondary peak was considerably lower. The saturation stress term σs influences the 

entire curve after the linear hardening portion. When the saturation stress was increased, 

the linear hardening portion continues further which in-turn causes the curve to be higher 

while when it was decreased it had an opposite effect.  

Next the terms of functions F1 and F2, which are seen in both the horizontal and vertical 

models, were explored. Since these functions are the same for each printing direction, the 

effect of each parameter is the same for both models therefore for this study, the horizontal 
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model for a strain rate of 1600s-1 was used with its corresponding parameter values as 

shown with a solid red line.  

 

Figure 62: Parametric study on the parameters from the F1, F2 equations. 

Figure 62 shows a parametric study on the parameters the F1, F2 equations. The first term 

of the F1 function, A, affects the width of the softening trough located between the two 

peaks. At A = 0.015, the width of the trough is smaller consequently affecting the height of 

the peaks, which need to increase to accommodate the change. When A = 0.060 the trough 
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is so wide that the peaks are now lowered, and it appears there is no discernable softening 

trough.  The next F1 term εm affects at which plastic strain the bottom of the softening 

trough occurs. For example, when εm = 0.03 the bottom of the trough occurs at 3% plastic 

strain. When εm is lower the initial peak is lowered while the secondary peak is raised to 

compensate but when it is higher, the opposite occurs. The last term of F1 is B, which 

controls the depth of the softening trough and consequently shifts the peaks up or down as 

it increases or decreases. 

The F2 function is responsible for the exponential end of the curve and has terms C and εf. 

C effects the degree of curvature for the end of the curve. When it is increased the peak is 

raised causing the hardening before the peak and softening after the peak to be steeper. The 

term εf  influences where the curve crosses the yield stress. The smaller the value, the 

steeper the curve to failure strain becomes. The last term is the yield stress σ0, which for 

this model is the y-intercept as the model uses plastic strain.  

The importance of these models comes due to the lack of knowledge surrounding additively 

manufactured material in industry. With their highly anisotropic behaviour, additively 

manufactured parts need to be analyzed through finite element software to ensure the 

proper printing orientation will be selected to maximize the possible strength. Models like 

these will be needed to aid in estimating the actual stresses additively manufactured 

material can undergo based on the strain rate and printing orientation.  
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6. Conclusions 

This study can be summarized into two parts: first, the mechanical properties of additively 

manufactured AlSi10Mg_200C using recycled powder and secondly, the dynamic 

behavior of the AlSi10Mg_200C subject to high strain rates. In the first study, additively 

manufactured samples made from AlSi10Mg_200C recycled powder were characterized 

to understand its mechanical, physical, and microstructural behaviors. Initially, virgin 

powder was compared to recycled powder, where under SEM similar morphology, surface 

quality and size were displayed. This suggested that in terms of the above properties, the 

cheaper recycled powder could be interchangeable with the more expensive virgin powder. 

The resulting mechanical properties from testing were compared to those samples made 

from virgin powder as well as die-cast A360.0. It was found that during tensile testing, the 

vertically printed samples had slightly higher ultimate tensile strength, but the horizontal 

samples displayed an increased yield strength and elongation before fracture. In 

comparison to the die-cast A360.0, both directions of printing displayed more favorable 

mechanical properties for tensile strength, yield strength, and percent elongation. In 

comparison to other virgin studies, the tensile strength and yield strength were less than 

the reported values by the powder manufacturer but higher than a similar study performed 

on samples made with a different printer. The tensile tests also showed that there was very 

little fluctuation between the obtained curves from one sample to the next suggesting that 

the additive manufacturing process was able to, for these tests, maintain consistent 

mechanical properties. Porosity and hardness measurements were taken at different depths 

on different faces of cube samples, which were comparable to reported values from studies 
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using virgin powder. Microscopy of the polished cube samples helped shed light on the 

effect of scanning parameters.  

In the second study, additively manufactured cylindrical specimen were prepared in both 

horizontal and vertical printing directions and subjected to shock loading to understand the 

dynamic behaviour of DMLS-AlSi10Mg_200C. The samples were deformed using a split-

Hopkinson pressure bar system at strain rates ranging from 180 s-1 to 3200 s-1. At lower 

strain rates experimental data showed similarities to results obtained from quasi-static 

loading while at higher strain rates there were multiple peaks suggesting the presence of 

competing effects of strain hardening and dynamic softening. A model was developed for 

the horizontally printed experimental data, which required a power law hardening function 

for the initial hardening. It was combined with a hyperbolic tangent function for the 

softening region as well as an exponential function up to the total strain. With increasing 

strain rate the strength coefficient K also increased while the hardening exponent n 

decreased. For the vertically printed experimental data another theoretical model was 

developed incorporating a Chang-Asaro hardening function along with the same 

hyperbolic tangent and exponential decay functions. The initial hardening rate h0 decreased 

with increasing strain rate while the saturation stress stayed relatively constant. Both 

theoretical models showed good agreement with their respective experimental curves at all 

strain rates. The yield stress for the horizontal tests was found to be much higher than the 

vertical tests but the peak flow stresses under the same loading conditions were similar.  
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7. Future Work 

7.1 Using AlSi10Mg_200C for Hybrid Printing 

Hybrid printing is likely the next step in the additive manufacturing field as the possibilities 

for repairing existing parts are intriguing for different industrial sectors. While AM offers 

opportunities for completely replacing existing failed parts by scanning them into a CAD 

file, additive repair could mean replacing only the failed portion of the part. This would be 

an attractive option for intricate parts like an impeller whose thin blade tips could break or 

chip well before the impeller itself is rendered useless.  

By incorporating the gained knowledge of AlSi10Mg_200C, it would be interesting to 

study the possibilities of its use for deposition onto a compatible aluminum alloy.  By 

combining the additive material with the standard alloy, tensile samples can be made, 

which are fused together in the middle by the printing process. Successful studies were 

performed on the tensile and fracture behaviour of MS1-H13 hybrid steels, where the 

fracture was seen in the H13 tool steel side of the sample [59]. These samples underwent 

various heat treatment processes where either the additively manufactured side or the 

conventional steel side or both sides were heat-treated. It would be interesting to see if 

comparable results would be achieved using AlSi10Mg_200C powder and an aluminum 

alloy, where the sample becomes strong enough that it breaks on the non-additive side 

demonstrating the additive interface is stronger than the as-built side. 

7.2 Simulations for High Strain Rate Deformation in LS-DYNA 

Using the developed constitutive models for the dynamic behaviour of the 

AlSi10Mg_200C samples, it would be interesting to create material models within LS-
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DYNA™ to predict the dynamic behaviour of samples subject to higher strain rates than 

we have tested. Once material models were created, the impact testing experimental data 

could be used to evaluate the accuracy of the models.  

Next, applicable ballistic tests could be performed in a laboratory setting, while the model 

could be used to predict the deformation behaviour of the AlSi10Mg_200C under high 

strain rate deformation. In the past the high velocity impact response of Kevlar-29 and 

6061-T6 aluminum-laminated panels was tested using a nitrogen gas gun. Projectiles were 

used to impact the samples at a range of velocities to achieve complete perforation of the 

target. The experimental work was compared to a set of finite element simulations using 

ANSYS Autodyn software [60].  

Further continuation of this work is imperative because although the mechanical properties 

of additively manufactured materials may be understood, there is a lack of predicative 

modeling for the parts produced by this technology. It is crucial for defence and aerospace 

industries who are the most likely candidates for adopting additive manufacturing, to see 

how and when parts made with this technology will fail.  
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