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 Interest in additive manufacturing (AM) has grown exponentially in recent decades and is 

now being used in many different industries, such as the aerospace, automotive, and biomedical 

device industries. Unfortunately, the high cost of feedstock powder material, the need for high 

energy lasers, and a low rate of production have limited the use of this powerful technique on a 

large scale. Among all the parameters that are crucial in the quality of the parts, the relationship 

between starting feedstock powder and the quality of the part is not well explored. The common 

feedstock used in AM, gas atomized powder, requires a high amount of energy and inert gas to be 

produced. Therefore, gas atomized powder production is costly and not environmentally desirable. 

AM is believed to produce lower waste compared to the conventional manufacturing process due 

to minimal required post-processing; however, unless more sustainable starting materials and 

continuous powder reuse are implemented, the process is very wasteful. The primary focus of this 

dissertation is on understanding the role of the starting powder on the AM process sustainability 

in addition to the properties of additively manufactured parts. Powder size and morphology 

strongly influence powder flow and powder packing density, both of which are critical to 

successful AM processing. Therefore, the relationship between powder morphological features 

and flowability was explored and concluded that flowability of powders are heavily influenced by 
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the particles size and shape. In order to reduce the amount of waste produced in laser directed 

energy deposition (L-DED) process, gas atomized powder was reused, and the reused powders and 

manufactured parts were characterized. The results indicate that although particles undergo severe 

changes as they are being reused in AM, the mechanical properties of the manufactured parts show 

minimal changes.  

The production of powder from waste material for AM was explored. High energy milling and 

cryomilling were employed to recycle waste materials to be used as a starting material in AM. The 

results show that the size and morphology of the produced powder are significantly influenced by 

the production method, which was modified by tailoring the processing parameters. In addition, 

the feasibility of depositing aluminum matrix composites has been investigated as a way to 

improve the mechanical properties of parts manufactured with milled powder. The composite 

single tracks deposited in L-DED showed comparable morphologies to the single tracks deposited 

with gas atomized powder. Understanding the effects of using milled powder prepared as 

composite or recycled powder on the mechanical and microstructural properties of AM parts will 

be investigated in future work.  
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Chapter 1: Introduction to Additive Manufacturing and Powder 

Processing Techniques  
 

1.1. Additive Manufacturing  

Additive manufacturing (AM), which is one of the great innovations of the 20th century, 

uses a computer aided design (CAD) model to fabricate 3D parts in a layer-by-layer manner. AM 

is used in many industries and has been developed and modified to process a wide range of 

materials, from polymers to metals and ceramics. Metal AM has attracted a lot of attention in the 

past couple of decades due to the ability to deposit complicated geometries [1]. Conventional 

manufacturing (forging, molding, casting, etc.) faces limitations in fabricating complex 

geometries. Traditionally, manufacturing complicated geometries required assembling different 

parts with extensive and time-consuming post-processing machining steps; however, AM is able 

to fabricate complicated parts with almost no post-processing steps required [1]. In addition, the 

need for expensive tools such as dies and molds is minimized in AM. As can be seen in Figure 1.1, 

AM is capable of manufacturing one uniform part whereas conventional manufacturing requires 

fabrication of many smaller parts and assembly of those parts [2].  

 
Figure 1.1.  a) design used in conventional manufacturing consisting of many smaller parts; b) 

design used in AM consisting of one part [2]. 
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Most metal AM systems use an energy source to melt the feedstock in the desired location 

in each layer. The fusion of hundreds of layers produces the 3D shaped part according to the CAD 

file. There are specific software packages that produce the machine-readable code based on the 

CAD file, the layer size, the track size, the overlap of the tracks, and the hatch rotation (the change 

in the direction of each track based on the previous layer). However, the feedstock, energy source, 

and the feedstock delivery mechanism distinguish the metal AM systems from each other. In metal 

AM, energy sources are usually laser or electron beam, while the feedstock is wire or powder. 

Higher resolution can be achieved in metal AM when powder is used compared to wire [3]. Among 

all the laser-based metal AM systems developed in recent years, powder-fed and powder bed 

fusion (PBF) systems have attracted significant attention. PBF systems, also called selective laser 

melting (SLM) systems, use a platform that moves in the z direction in a controlled environment. 

Powder is transferred to the chamber and a coater or blade is used to spread a thin layer of powder 

on the platform. The laser, which moves in the x and y direction, is used to melt the powder in the 

desired shape, before another layer of powder is spread. A schematic of PBF is displayed in Figure 

1.2. On the other hand, powder-fed systems, commonly called laser directed energy deposition (L-

DED) systems, use a set of nozzles to spray the powder into the focal point of the laser to produce 

the part in a layer-by-layer manner (Figure 1.2). In L-DED systems the stage moves in the x and 

y directions and the laser moves in the z direction. In addition, usually SLM systems offer smaller 

laser spot size and powder size, which result in higher resolution and cooling rates. However, L-

DED systems provide unique capabilities such as fabrication of gradient materials or repair due to 

the freedom in moving the parts’ orientation and location. Due to the short interaction between the 

laser and powder particles in AM, the cooling rate in the melt pool is higher than in conventional 

manufacturing; this produces unique properties with altered microstructure. The microstructure is 
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also affected by the heat generated in the melt pool that tends to precipitate through the previously 

deposited layers and eventually reaches the platform. Although many processing parameters are 

involved in the AM process that influence the quality of the parts, not all of them are easily 

controlled. For instance, in L-DED the laser power, laser velocity, powder feedrate, hatch overlap, 

and layer thickness can be easily controlled by the user. However, there are other factors that can 

significantly affect the processing of metal powders in L-DED such as the powder characteristics, 

the oxygen concentration in the chamber, and the shield gas delivery rate. Powder characteristics 

are among the most important factors in the AM process and are discussed more extensively in the 

following sections of this dissertation.  

 
Figure 1.2. Schematic presentation of L-DED and PBF systems. 

As AM systems have become more popular, the number of materials that have been 

processed has increased. Today a wide range of materials has been used in metal AM from stainless 

steel to Al alloys and nickel-based super alloys [4]. These alloys are used in different industries 

and applications, as shown in Table 1.1. Although the use of these alloys has been adopted in many 

industries, AM is still facing challenges in producing repeatable and reliable parts for industries 

such as aerospace [5]. As shown in Table 1.1, Al alloys have been adopted by aerospace and 

automobile industries due to Al alloys high specific strength. However, the composition of these 

Al alloys is very limited. The limited composition is due to unique physical properties of Al alloys 
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that makes them more challenging to be processed in AM. Al alloys usually have a low melting 

point, high heat conductivity, high laser reflectivity, and poor flowability [6]. In addition, Al alloys 

are prone to hot cracking which results in limited use of high strength Al alloys in AM [7].  

Table 1.1. Common alloys and industries in AM [8]. 

 Al Stainless 

steel 

Ti Co-Cr Ni super 

alloys 

Precious 

metals 

Aerospace x x x x x  

Medical  x x x  x 

Energy, oil & gas  x     

Automotive x x x    

Marine  x x  x  

Machinability and weldability x x x  x  

Corrosion resistance  x x x x  

High temperature  x x  x  

Tools and molds  x     

Consumer products x x    x 

 

AlSi10Mg is one of the most used Al alloys in metal AM. Numerous groups have studied 

the behavior of this alloy in AM [8]. AlSi10Mg shows medium strength and good corrosion 

resistance that makes this alloy a good candidate for automobile and aerospace industries. 

AlSi10Mg is a hypoeutectic alloy that shows good wettability and castability (the chemical 

composition is shown in Table 1.2 [9]). On the other hand, this alloy can be aged and hardened 

through formation of Mg2Si precipitates that can improve the mechanical properties of the alloy 

without compromising other properties [10]. The solubility of Si in Al is very limited (below 2 

wt.%), which can be seen in the phase diagram shown in Figure 1.3 [11]. When the alloy is melted 

in the melt pool, Al matrix starts to solidify first and as the melt pool is cooling down the Si is 
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ejected by the solidified front into the liquid. However, the high cooling rate associated with AM 

increases the local solubility of Si in Al and an increased amount of Si in the Al matrix forms a 

super-saturated matrix. As the liquid is solidifying, the amount of Si in the liquid phase increases, 

and ultimately the eutectic structure forms [12].  

Table 1.2. Chemical composition of AlSi10Mg [9].  
 

Al Si Fe Cu Mg Mn Ni Zn Pb Sn Ti 

Wt.% Bal. 9-11 <0.55 <0.45 0.2-0.45 <0.05 <0.1 <0.10 <0.05 <0.05 <0.15 

 

 
Figure 1.3. Vertical section of AlSi10Mg phase diagram [11].  

1.1.1. Sustainability of additive manufacturing  

AM has been adopted by different industries around the world, and the net worth of the 

industry has increased significantly [13]. It is predicted that the global worth and the compound 

annual growth rate will increase significantly in the future as well (Figure 1.4) [14]. The AM 

market has been continuing to grow as hundreds of millions of dollars are invested and new 

products are designed and built using AM [15]. AM shows great potential to decrease the overall 

cost of production by minimizing the need for large manufacturing facilities and highly skills 

workers. In addition, producing complicated parts through AM can decrease the production rate 
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compared to the conventional manufacturing. Therefore, in expanding the use of AM in the future 

it is important to take advantage of AM’s unique capabilities such as complex geometry design 

[16]. The increase in the adaptation of this novel technique in different industries will result in 

significant increase in the demand for raw materials.  

 
Figure 1.4. Estimated growth of the global AM industry. The global growth and compound 

annual growth rate are shown on the figure as well [14]. 

Early studies on AM considered this processing method an effective way to decrease the 

waste production and consequently reduce the production cost [17]. A study published in 2017 

reported that when all the powder used in AM is recycled, this will result in almost 50% reduction 

in negative impact on potential ozone layer depletion and 40% improvement in potential fossil fuel 

resource depletion compared to other conventional manufacturing processes [18]. AM, with the 

promise of limited post-processing and deposition of the metal powder where it is needed, seemed 

the solution to sustainability concerns. Many studies showed that the environmental impact of 

fabricating parts with AM is lower; however, other studies showed that unless the powder is fully 

recycled this statement is not accurate. Other studies showed that if all the powder used in AM is 

reused, AM produces 90% less waste compared to subtractive manufacturing [19]. Ma et al. 
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suggested using powder capture efficiency to show what portion of the powder used in the 

deposition process is actually fused to form the final parts [20]. The powder capture efficiency can 

vary depending on the AM system and processing parameters, but usually it is between 3-25%. 

This means that a great portion of powder that is used during the process is going to end up unfused 

to the final parts. Kellens et al. showed that in depositing polymers such as PA 2200 in selective 

laser sintering, the greatest environmental impact is associated with the powder, as shown in Figure 

1.5 [21]. The common practice is to recycle these powders for a known number of cycles or send 

them back to the powder manufacturer to remelt and produce fresh powder. However, as some of 

the AM applications require a repeatable and reliable quality such as the aerospace industry, more 

investigation into powder recycling is required.  

 
Figure 1.5. Environmental impact of depositing PA2200 in selective laser sintering [21]. 

Some studies reported that in comparison between AM and conventional manufacturing, 

environmental impact and economic assessment is highly dependent on the design and 

functionality of the part [16]. The orientation of the parts with respect to the laser, the need for 

depositing support structures, and the number of parts deposited at the same time can change how 

much powder and time is required. It is noteworthy to mention that the energy consumption of the 

AM process is one of the parts of the process with the greatest environmental and economic impact. 
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However, if the whole lifetime of the parts manufactured in AM is considered, the AM parts can 

be highly desirable. Due to the freedom in design, there is a great potential to reduce the weight of 

the parts used in the aerospace and automobile industries. It is estimated that the current practical 

range can be almost doubled [22]. As the AM industry continues to grow, the amount of powder 

needed for this process increases as well. On the other hand, the energy consumption and 

environmental impact of powder production to respond to the increased powder demand in the 

AM field is increased. Therefore, an investigation into more sustainable feedstock for AM is 

crucial.  

1.1.2. Additive manufacturing feedstock  

Different AM technologies are able to use a variety of feedstocks from sheets and wires to 

powder [8]. Metal powder is one of the most used feedstocks in the AM field. Powder that has a 

different size and shape depending on the manufacturing process plays an important role in the 

AM process. The quality of AM parts is influenced by the characteristics of the alloy powder used 

as the feedstock. These characteristics include but are not limited to the particle shape, size, true 

density, surface roughness, particle size distribution, and impurities [23]. In the literature, it is 

reported that spherical particles, with smooth surfaces and narrow particle size distribution, are 

more desirable for use in AM [23]. Spherical particles tend to occupy the space more efficiently, 

which is important in PBF technologies, and finer particles can occupy the space between the 

larger particles. In the L-DED system, powder morphology and size also play an essential role. 

They determine how easily particles interact with each other and flow in the system [24]. Powders 

that are typically used in AM are produced by: gas atomized (GA), water atomized (WA), rotary 

atomization, and plasma rotating electrode process. However, less common powders, such as 

milled powder, have been produced by other methods. Each of these processes produces powders 
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with different morphologies and surface finishes. The micrographs of the particles produced by 

each method are displayed in Figure 1.6 [8,25]. The plasma rotating electrode process produces 

the most uniform and perfectly spherical particles with smooth surfaces, although it is the most 

expensive powder. The focus of our work is on GA and milled powder, and each method is 

explained in the following sections.   

 
Figure 1.6. SEM micrographs of alloys produced by a) plasma rotating electrode process b) rotary 

atomization c) gas atomization process d) water atomization, [8], and e) milled powder [25]. 

1.1.2.1. Gas atomization  

Gas atomization (GA) is a process that melts the metal alloy ingots and uses a high-pressure 

stream of inert gas to create the fine spherical particles; a schematic of this process shown in Figure 

1.7 (a). This process has been used for many years to produce powder for different applications 

through powder metallurgy. GA requires a significant amount of energy to melt the metal ingot 

and keep the temperature high enough for the molten metal to flow out of the nozzle with the 

desired consistency. The GA process usually produces powder with spherical morphology and a   

controllable size range. Although most of the particles produced through GA have spherical 

shapes, some of the particle have elongated shapes, satellites on the surfaces, and porosity inside 
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the particles (Figure 1.7).  Besides energy consumption, inert gas and other consumables make this 

process very expensive [26]. Although the yield of the atomization process can be improved [27], 

oversize and undersize particles in each batch increase the cost and waste of the process [23]. In 

order to overcome these challenges, many researchers have explored the fabrication and processing 

of alternative powders with lower environmental impact and that are more economically profitable. 

For instance, WA and milled powder have been used in AM [25,28]. However, more work on 

alternative feedstocks in AM is required.  

 
Figure 1.7. a) schematic of the gas atomization process [29], b) the satellites observed on the 

surface of the GA particles, c) the pores observed inside the GA particles [23].   

1.1.2.2. Milled powder  

Ball milling usually uses a specific amount of small balls (stainless steel in a specific size) 

that moves with high energy in a vessel [30]. The balls are either moved with the movement of the 

vessel, similar to systems such as planetary ball mill, or by the rotation of an attritor in the vessel. 

The media of the milling process can play a very important role on the yield of the process, size, 
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and the microstructure of the particles. Usually milling is performed in an inert atmosphere to 

prevent the oxidation of powders [30]. A cryogenic liquid such as liquid nitrogen can also be used 

as the milling medium to perform cryomilling [31]. In conventional manufacturing, a large portion 

of the raw material will end up as machine chips or other forms of waste. For instance, in Ti 

industry almost 80% of materials consumption ends up as a form of machine chips which later 

needs to be recycled [32]. However, milling has not been extensively used to produce powder for 

AM. The powder that is produced through milling normally does not have spherical shape and 

could be contaminated during the machining and milling process. In one study published in 2019, 

the single tracks deposited with 304L GA and milled powder showed minimal differences in the 

morphology and microstructure [25]. Another group investigated the differences in the 

microstructure and mechanical properties of parts manufactured in L-DED using two different 

316L feedstocks: GA and ball milled powder. They showed that the parts have very similar 

mechanical and microstructural properties regardless of power processing technique [33]. 

Furthermore, the use of other high energy milling techniques on other metallic alloys has not been 

investigated.    

1.2. Research scope  

As AM gains more popularity, understanding the relationship between the powder 

characteristics and bulk properties becomes more important. Besides powder properties, the effect 

of other processing parameters on the physical, microstructural, and mechanical properties of the 

AM parts plays a vital role in introducing more sustainable AM life cycles and improvement in 

the properties of the parts. This work aims to gain a deeper understanding of the processing and 

deposition of Al alloys in different AM processes, improving our knowledge of how different 

processing parameters can affect the parts and powders. We tackle this task by experimental work 
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covering different stages of the powder journey from fabrication to deposition. The framework of 

this work tries to target two main aspects of the AM process: the powder processing and 

characterization are explored in Chapters 2 and 3, and AM processing of Al alloys and 

understanding the effect of the process on the parts themselves and the feedstock particles are 

described in Chapters 4 to 6. 

Chapter 2 focuses on the relationship between the physical properties of the powder particles 

such as size and morphology, and the flowability. In this work, different stainless steel and 

AlSi10Mg powders with different size ranges and morphology were used. In addition, the state-

of-the-art powder flowability systems along with a high-speed camera were used to analyze the 

particles and their behavior.  

Chapter 3 focuses on using milling (planetary ball milling and cryomilling) on the processing 

of AlSi10Mg waste products to produce the powder necessary for AM. A thorough investigation 

is conducted to understand the relationship between the processing parameters and powder 

characteristics.  

The deposition of AlSi10Mg in L-DED faces significant challenges. Without a deep 

understanding of the interaction between the powder and the laser during the deposition of single 

tracks and bulk samples, it is impossible to overcome these challenges. Chapter 4 investigates the 

scalability of the single tracks to bulk deposition of AlSi10Mg in L-DED. 

Due to low powder capture efficiency in L-DED, there is a significant amount of powder that 

needs to be reused. However, the effect of reusing AlSi10Mg powder in L-DED on the powder 

properties and mechanical properties of the parts is not clear. Chapter 5 focuses on understanding 

the effect of reusing the powder in L-DED on the powder and properties of the final parts.  
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In order to improve the mechanical properties of Al alloys in AM, the feasibility of deposition 

of aluminum matrix composites single tracks is investigated. Chapter 6 analyzes the effect of the 

addition of the ceramic reinforcement on the morphology of the single tracks and their 

microstructure.  
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Chapter 2: A Statistical Analysis of Powder Flowability in Metal 

Additive Manufacturing 
 

Abstract 

The quality of parts fabricated with additive manufacturing is influenced by the flowability of the 

feedstock particles, which is the result of many factors, including chemistry (e.g., true density, the 

presence of surface oxides, impurities), morphology (e.g., particle shape, presence of satellites), 

and particle size distribution. This work investigates the relationship between powder 

characteristics and flow behavior of different powders by using three flowability testing methods. 

Six powders of two compositions (316L stainless steel and AlSi10Mg), made using two different 

methods (gas- and water-atomization), were investigated to rationalize the effect of powder 

chemistry and morphology on flow behavior. The results show that the true density of the powders 

can influence several flowability metrics. Additionally, aspect ratio strongly influences the 

initiation of flow from a static condition, while average particle size strongly dictates the ease of 

maintaining that flow. 

2.1. Introduction 

Despite being a growing industrial manufacturing processes, additive manufacturing (AM) 

currently struggles with repeatability of final part quality. One cause of this inconsistency is the 

large number of process parameters involved [35], with powder feedstock quality being among the 

most important ones. Gas atomized (GA) powder is the most common feedstock in metal additive 

manufacturing and typically corresponds to spherical particles with normal particle size 

distributions [36]. However, the shape, size, surface roughness, and particle size distribution of 

GA particles can impact the powder’s flowability, and therefore the AM process. Studies have 



 

15 

 

shown that both bulk density (i.e., lack of porosity) and mechanical properties of the final parts, 

as well as temperature and laser absorption of the melt pool are affected by powder properties 

[37,38].  

Although powders obtained with different methods have different flow characteristics [39], 

even powders produced by similar techniques also show differences that will impact processability 

[40]. While the relationship between flowability and part quality has been documented [39], the 

relationship between powder characteristics and flow behavior is not completely understood.  

Powder flow behavior is often characterized with simple techniques, each of which produce unique 

and quantifiable metrics such as angle of repose, Hausner ratio [41], and Hall flowrate [8]. 

However, these methods are often unreliable, as they do not accurately represent actual powder 

behavior in AM [42]. For example, Hall flow measurements show no trend in the flow of recycled 

powders despite changes in particle size distribution and sphericity after several reuse cycles [43]. 

New powder flow measurement techniques have been introduced that are able to quantify flow 

behavior from relatively simple tests [42]. Unfortunately, little evidence is currently present on 

how relevant these methods are to different additive manufacturing processes (e.g., powder-fed vs 

powder-bed based), as well as the overlap/agreement between the information acquired from 

different techniques. Although different laser based AM techniques operate on similar principals, 

the powder delivery systems can be quite different between the various techniques. In both 

systems, powder is stored in a hopper and then transferred to the chamber. The discharge of powder 

from the hopper requires overcoming a static condition to initiate the flow. Once initiated, a 

consistent sustained flow is required in order to have a homogenous part in both AM techniques.  

To overcome some of the challenges limiting the successful application of AM, such as 

inconsistent part quality and poor surface finish, it is vital to understand the relationships between 
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powder characteristics and flowability. In this work, I compare the results obtained from a variety 

of powder flowability measurement techniques to gain a deeper understanding of how powder 

characteristics influence flow behavior related to metal additive manufacturing processes. 

2.2. Materials and method 

Six powders with two compositions (316L stainless steel (true density: 7.95 g/cm3 [44]) 

and AlSi10Mg (true density: 2.68 g/cm3 [45]) and different particle size ranges were tested; the 

composition, manufacturing process, reported particle size range, particle size distribution 

parameters (D10, D50, D90), span, average aspect ratio, and manufacturer for each powder are 

provided in Table 2.1. The two compositions also introduce the variable of ‘true density’, which 

is also considered in this study.  

Table 2.1. Details on the powders used in this study. SS = stainless steel. 

Composition  Manufacturing 

Process 

Reported 

Particle 

Size (μm) 

D10, D50, 

D90 (μm) 

Span  AR50 Manufacturer  

316L-SS GA 16-45  27, 38, 48 0.56 0.82 Carpenter  

316L-SS WA 25-45  40, 55, 74 0.63 0.68 Hoeganas  

316L-SS GA 46-105  67, 94, 126 0.62 0.85 Carpenter  

316L-SS GA  25-60  34, 47, 59 0.52 0.80 SLM Solutions  

AlSi10Mg GA   46-150  75, 101,145 0.70 0.81 Valimet  

AlSi10Mg GA 26-66  27, 45, 66 0.85 0.79 SLM Solutions  

 

Two laser diffraction systems, a Microtrac (S3500) and Sympatec (Helos), were employed 

to acquire particle size distribution, average particle size (D50), and the average aspect ratio (AR50). 

Particle size was calculated as the diameter of the equivalent projected circle of the particle. AR50, 

which ranges from 0-1, was calculated using  
𝑚𝑖𝑛𝑖𝑚𝑖𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 
  of the particle. The span of the 

particle size distribution was calculated using  𝑆𝑝𝑎𝑛 =
𝐷90−𝐷10

𝐷50
.  
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Flowability of the particles was measured using three different techniques: an FT4 powder 

rheometer from Freeman Technology [46], a Revolution powder analyzer from Mercury Scientific, 

Inc. [47], and a custom-built modified funnel method, with each experiment repeated at least three 

times and averaged. The schematic of three powder flowability technique used in this study are 

shown in Figure 2.1. The FT4 operates by moving an impeller through 25 ml of powder and 

measuring the resistance to flow. Parameters that can be quantified with the FT4 powder rheometer 

include basic flowability energy, specific energy, aerated energy, pressure drop, permeability, 

compressibility, shear stress, flow function, and wall friction angle. The Revolution powder 

analyzer visually analyzes the behavior of 100 ml of powder while it is rotating. Parameters that 

can be quantified with the Revolution powder analyzer include avalanche angle, avalanche energy, 

SL ratio, break energy, energy slope,  rest curvature, surface fractal, maximum break point, 

maximum break energy, maximum break angle, and apparent density increase [47]. The funnel 

method can measure flow rate. Not all measured parameters were analyzed, since not all 

correspond to the process conditions associated with additive manufacturing. For instance, the 

compressibility index would be more relevant to consolidation methods that require the application 

of pressure before or during densification. Thus, the following six parameters were selected for 

detailed analysis in this study: specific energy (SE), shear stress (τ), avalanche angle (AA), 

apparent density increase (ADI), maximum break angle (MBA), and flow rate (FR). Specific 

energy [mJ/g] is the energy required to maintain unconfined (low stress) flow, and is calculated 

using the average of the energy required for the blade to displace the powder in an upward motion 

divided by the conditioned powder mass [48], and can provide insight on gravity-induced flow, 

like hopper discharge. Powder conditioning refers to the powder being gently displaced in order 

to loosen it and prepare it for flow. Higher values of specific energy correspond to a greater 
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resistance to sustained flow. Shear stress, τ, [kPa] is measured by applying 7 kPa of stress to the 

powder and then a rotational torque to determine the stress at which flow initiates. Higher values 

of τ suggest more resistance to initiating flow [39]. Avalanche angle [deg] is a linear regression of 

the surface of the powder in its highest potential before the avalanche occurs. Apparent density 

increase [%] is the increase in apparent density of the powder particles, measured by observing the 

reduction in powder volume, after vibrating the drum for a known time. Maximum break angle 

[deg], which is measured after vibrating the drum, is the maximum angle the powder exhibits 

before the avalanche event that initiated the flow. Higher values for maximum break angle and 

avalanche angle indicate greater resistance to flow [47]. Flow rate was measured with a modified 

funnel method using a glass funnel with an inner diameter of 4 mm, placed 30 cm above a 

collection dish. Three batches of 50 g each were tested for each powder. The flow rate [g/s] was 

determined by measuring the time required for the powder to be completely expelled from the 

funnel. A high-speed camera (Photron SA-Z) using 500 fps (frames per second) was used to 

improve the resolution of the measurement.  

 
Figure 2.1. The schematic presentation of a) FT4 from freeman Technology, b) Revolution 

powder analyzer by Mercury Scientific Inc. c) custom build funnel flow rate.  
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2.3. Results and discussion 

The correlation among the six flowability parameters noted above and the three powder 

particle characteristics were evaluated statistically. The Pearson correlation coefficients (R-value) 

between the analyzed quantities were visualized using Corrplot, as shown in Figure 2.2 (the raw 

data are provided in Figures 2.3-2.4, as described below) [49]. The colored circles represent the 

R-values; larger circles show stronger correlations. The colormap displays the distribution of R-

values from negative (red) to positive (blue). The lower left of the matrix includes only 316L 

stainless steel powders while the upper right considers both AlSi10Mg and 316L stainless steel 

powders (All). Three observations can be made from Figure 2.2: (1) Some flowability parameters 

are correlated with other parameters, indicating that different techniques can yield similar 

information. (2) Every flowability metric has a strong correlation (defined here as R>0.7) with at 

least one powder particle characteristic. (3) The stainless steel dataset displays higher R-values 

overall (average R-value=0.59) compared to the ‘All’ powders dataset (average R-value=0.46). 

The inclusion of the AlSi10Mg dataset reduces the R-values, implying that material composition 

and density could influence flowability. The above observations, along with several parameter 

correlations, are explored in more detail below.  
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Figure 2.2. R-values correlating parameters used in this study. The lower left of the matrix displays 

R-values for stainless steel powders, while the upper right is for all powders. The size of the circles 

shows the intensity of the correlation, while the positive /negative numbers and the blue/red colors 

indicate direct/inverse correlations, respectively. 

During additive manufacturing, powders often sit in hoppers before flow is initiated. 

Understanding how this static condition is overcome is critical for understanding flowability. Both 

the FT4 and the Revolution powder analyzer have several measurements available that quantify 

the ease with which powder flow is initiated. In this work maximum break angle (MBA), apparent 

density increase (ADI), and shear stress (τ) were used to assess this flowability scenario. The well-

correlated MBA-ADI (Figure 2.3 (a)) and τ-ADI (Figure 2.3 (b)) relationships suggest that 

powders that can pack more densely will stick to each other more and resist the initiation of flow, 
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i.e., higher values of apparent density increase indicate poor flow. A modest MBA-τ correlation is 

observed (Figure 2.3 (c)), indicating that measurements of packed powder flow in the FT4 and the 

Revolution powder analyzer do not describe the exact same scenario. Measurement of shear stress, 

τ, (using the FT4) involves breaking a compacted powder with a mechanical force, which is a 

different scenario than the gravity-initiated maximum break angle measurement from the 

Revolution powder analyzer. 

 
Figure 2.3. a) MBA vs. ADI b) τ vs. ADI c) MBA vs. τ. d) ADI, τ and MBA vs. AR50.e) ADI and 

MBA vs. D50. Hollow points signify AlSi10Mg, and filled points signify SS. (MBA=maximum 

break angle; ADI=apparent density increase, τ=shear stress; AR50=average aspect ratio; 

D50=average particle diameter; SS=stainless steel).   

The shear stress values for gas atomized powders fall in a narrow range (3.2-3.6 kPa), 

indicating that there is a lower limit to the force required to move gas atomized particles regardless 

of composition. The outlier in the shear stress dataset is the water atomized powder, which has 

irregularly shaped particles with rougher surfaces compared to the gas atomized powders. 

Apparent density increase, maximum break angle and shear stress show mostly strong negative 
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correlations with average aspect ratio (AR50) (Figure 2.3 (d)). Higher AR50 values indicate that the 

particles are more spherical, leading to lower apparent density increase, maximum break angle, 

and shear stress values, i.e., particles move past one another and flow more easily. Spherical 

particles tend to pack more efficiently compared to irregularly shaped particles that have low AR50 

[50]. However, a powder made of irregularly shaped particles that is initially loosely packed will 

produce a greater apparent density increase after conditioning, since there is more space available 

to be occupied after particle re-orientation, explaining why higher apparent density increase values 

are observed for the water atomized powder following mechanical agitation.  

Although a strong correlation exists for the MBA-AR50 and ADI-AR50 relationships 

(Figure 2.3 (d)), Figure 2.3 (e) shows that maximum break angle and apparent density increase are 

also dependent on D50 (average particle size), highlighting how two powder characteristics (D50, 

AR50) both manifest their effect on the same quantity (maximum break angle and apparent density 

increase), making it difficult to de-convolute each contribution. The strong negative MBA-D50 

correlation occurs because finer particles have an increased tendency to agglomerate and 

experience interparticle friction compared to larger particles [51]. For similar reasons, the modest 

negative ADI-D50 correlation (R= -0.54 and -0.59) indicates that larger particles will pack more 

efficiently, although aspect ratio will have a greater influence than particle size. Finally, the 

correlations in Figure 2.3 are mostly independent of powder composition, indicating that initiation 

of flow might not be influenced by true density. Initiation of powder flow from a static condition 

will depend primarily on the packing and interaction between the particles and not on the mass of 

the powders themselves, explaining why true density does not strongly influence these flowability 

parameters. 
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Apparent density increase, maximum break angle, and shear stress are important 

parameters for understanding the behavior of particles during hopper discharge in both powder-

fed and powder-bed additive manufacturing systems. Powders that resist the initiation of flow will 

result in inconsistencies in what is sent to the powder delivery system, leading to porosity in the 

final parts. Apparent density increase can also be indicative of compaction behavior in powder-

bed systems. The packing density of the powder after being spread on the bed plays an important 

role in the density and properties of the final parts. The results of this study show that lower AR50 

values result in lower initial powder packing, which can lead to increased porosity in the final 

parts. Therefore, powders with lower AR50 or finer particles can hinder the quality of the processed 

parts.  

All three flow analysis techniques use different quantities to describe how well flow is 

maintained after being initiated. These quantities are more consequential in powder-fed systems, 

which maintain powder flow throughout deposition. Inconsistent flow during deposition will lead 

to an inhomogeneous concentration of powder, which will lead to porosity in the final part. Here, 

flow rate (FR), avalanche angle (AA), and specific energy (SE) are used to quantify continuous 

flowability. The correlations between these quantities are depicted in Figure 2.4. A strong 

composition-independent SE-AA correlation can be observed in Figure 2.4 (a), demonstrating that 

both the FT4 and the Revolution powder analyzer convey similar information about unconstrained 

flow. Composition-dependent SE-FR and FR-AA relationships can also be observed (Figure 2.4 

(b), (c), respectively). However, this correlation is misleading, as discussed below. 
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Figure 2.4. a) SE vs. AA b) SE vs. FR c) FR vs. AA. d) FR, AA, SE vs. D50 e) FR, AA, SE vs. 

span. Hollow points signify AlSi10Mg, and filled points signify SS. (SE=specific energy; 

AA=avalanche angle; FR=flow rate; AR50=average aspect ratio; D50=average particle diameter; 

SS=stainless steel). 

Flow rate, avalanche angle, and specific energy have a strong negative correlation with D50 

(Figure 2.4 (d)). Finer particles increase agglomeration and inter-particle friction leading to 

increased resistance to flow [51], which is consistent with the composition-independent AA-D50 

and SE-D50 relationships. Strong SE-Span and FR-Span correlations are observed when only 

stainless steel powders are considered (Figure 2.4 (e)). Powders with greater spans have more fine 

particles that can fit between coarser particles, increasing the number of particle-particle contact 

points and making flow more difficult. Contradicting this, specific energy and avalanche angle 

measurements are inversely correlated with span and become independent of span when all 

powders are considered due to a single outlier AlSi10Mg powder with an unusually large span. 

The non-intuitive results and sensitivity to outliers indicates that span may not meaningfully 

contribute to specific energy and avalanche angle. There is a modest correlation between span and 

D50 when considering only the stainless steel powders (R=0.63), indicating that any correlations 
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with span will be convoluted by the influence of the D50 values. Conversely, there is no correlation 

between span and D50 when all the powders are considered (R=0.11). Given the composition 

independence of the AA-D50 and SE-D50 relationships, it can be surmised that D50 plays a larger 

role in the avalanche angle and specific energy measurements than composition, which plays a 

larger role than span. Although specific energy and avalanche angle are two parameters that can 

describe flow in powder-fed systems, these two parameters are also important in understanding 

the behavior of the particles in powder-bed system. Lower specific energy and avalanche angle 

values indicate that particles are less likely to interact with each other and restrict flow, resulting 

in more homogenous powder spreading.   

The flow rate measurements in this study contradict the trends seen in the avalanche angle 

and specific energy measurements. Flow rate increases as specific energy and avalanche angle 

increases (Figure 2.4 (b), (c)), which is contradictory given that lower specific energy and 

avalanche angle values suggest lower resistance to flow. However, the three methods 

fundamentally measure different things and the contradictions in flow rate can be explained by 

considering the limitations of the funnel method. The negative FR-D50 correlation means more 

time is needed for larger particles to exit the funnel, resulting in a reduced flow rate and behavior 

that contradicts the avalanche angle and specific energy measurements. The contradiction arises 

from the flow being constrained by the funnel diameter. Large particles become confined in the 

narrow funnel, leading to restricted flow [52]. Additionally, the low true density of the Al alloy 

powders causes the FR-D50 correlation to decrease significantly, which is consistent with the 

gravity driven nature of the funnel method. The inverse FR-Span correlation means that as the 

particle size distribution gets wider the flow rate decreases. A larger span should translate into 

higher internal friction during flow, explaining the reduction in flow rate.  
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2.4. Conclusions 

The flowability of powders in additive manufacturing, which can affect the quality of the 

final parts, is not completely understood in the literature. Using two commercially available 

powder flow analysis techniques (a Revolution powder analyzer and a FT4 powder rheometer), 

and a modified funnel method, we have analyzed the flow behavior of six different powders under 

conditions relevant to additive manufacturing. The following results have been observed: 

• The FT4 powder rheometer, the Revolution powder analyzer, and the modified funnel 

method show some correlation between their various measured parameters. For example, 

avalanche angle measured using the Revolution powder analyzer and specific energy from the 

FT4 powder rheometer show a strong correlation regardless of the powder composition. 

However, these correlations are not always meaningful as each method measures a distinct 

flow scenario, and desirable flow behavior for one method may not apply to the others. 

• Average aspect ratio (AR50) is the most consequential powder characteristic with respect 

to initiating flow from a static condition. Maximum break angle from the Revolution powder 

analyzer and specific energy from the FT4 powder rheometer confirm that non-spherical 

powders tend to pack with lower apparent density but exhibit significant apparent density 

increases after settling.  

• The most consequential characteristic for maintaining flow is average particle size (D50), 

with larger values granting easier flow according to the Revolution powder analyzer and FT4 

powder rheometer. Larger particles exhibit a reduced flow rate in the modified funnel method 

due to its gravity-driven nature.  
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• Parameters such as shear stress, maximum break angle, and apparent density increase are 

not influenced by powder composition, indicating that true density does not play a role in the 

initiation of flow; whereas the true density of the powders could play a significant role in 

sustaining consistent powder flow. 
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Chapter 3: Using Waste Material to Fabricate Powder Feedstock for 

Additive Manufacturing  
 

Abstract: 

As additive manufacturing (AM) is gaining more popularity, the demand for its feedstock increases 

as well. The typical powder used in AM, gas atomized (GA) powder, is produced using a very 

energy-intensive and consequently expensive process. GA powder used in AM has spherical shape 

and is usually smaller than 150 μm to be used in different AM technologies. Novel feedstock for 

AM can be produced through milling waste materials. The support structures that are a side product 

of selective laser melting were used as a starting material to produce the feedstock for AM. This 

study investigated the feasibility of using planetary ball milling and cryomilling to produce 

AlSi10Mg powder smaller than 150 μm. The ball size, process control agent, and milling duration 

were optimized to achieve the highest yield. Process parameter optimization in the planetary ball 

mill resulted in over 75% yield. Similarly, using cryomilling, more than 80% of the particles were 

smaller than 150 μm after process parameters optimization. The yield, particle size, and 

morphological features of the particles were investigated. Preliminary attempts to deposit the 

cryomilled powder were explored. 

3.1. Introduction  

Throughout history, many manufacturing processes have been improved, and new 

techniques have been developed. However, these processes each have their own limitations and 

disadvantages. For instance, in many conventional subtractive manufacturing systems, different 

forms of machine chips or other kinds of waste are produced. In the stainless steel industry, almost 

2/3 of the raw material ends up as a kind of waste. Depending on the cutting condition, tool 
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geometry, and workpiece material, the machine chips may have different sizes and morphologies 

[53]. These waste materials usually need to be recycled, mostly through conventional melting. 

However, collecting and purifying machine chips are challenging processes and make the 

recycling process less profitable. One of the main challenges in recycling machine chips is the 

separation and removal of machining oils. Additionally, contamination from the cutting tool or 

other cross-contaminations makes the remelting process more challenging [54]. In order to 

overcome some of the challenges in the remelting process and reduce the cost, some studies have 

focused on developing solid-state methods to recycle waste materials. Compared to conventional 

remelting, solid-state recycling paths can lead to saving 40% in materials, 26-31% in energy, and 

16-60% in labor [55].  

The solid-state recycling of Al scrap is generally based on severe plastic deformation and 

powder metallurgy techniques. Severe plastic deformation techniques included: 1) hot extrusion, 

2) equal channel angular pressing, 3) cyclic extrusion compression, 4) friction stir extrusion, 5) 

high press torsion, and 6) screw extrusion [56]. The powder produced through powder metallurgy 

can be used in a variety of techniques, such as forging and injection molding. In addition, many 

researchers focused on developing other novel solid-state technologies. There are studies that 

focused on using waste Al cans to produce powder for different powder metallurgy techniques, 

and they showed that Al waste from different sources show different machinability and surface 

roughness [57]. Canakci et al. introduced mechanical milling to produce powder from machine 

chips with morphology comparable to powder manufactured in the atomization process [58]. 

Mahmood et al. used laser metal deposition to deposit machine chips without any further 

processing. They reported that no significant porosity or solidification defects were observed [59]. 
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Additive manufacturing (AM) is known as a process that can potentially minimize the 

amount of waste produced. The powder used in AM can be reused several times [60]; however, 

there are other wastes produced during the selective laser melting (SLM) process whose 

recyclability is yet to be investigated. Support structures are one of the essential components in 

printing parts in SLM, which that usually are sent to conventional recycling facilities. The support 

structure is composed of two main functional areas: the main support and the teeth [61]. The teeth 

connect the main part of the support to the build and the platform. The variation in the geometry 

of support structures commonly used in SLM is displayed in Figure 3.1 [61]. The support structures 

are essential in printing parts in SLM to prevent distortion and deformation during printing and 

connecting different components to the main body. More importantly, support structures facilitate 

dissipation of heat from the melt pool to the platform. The heat dissipation plays a significant role 

in the temperature and thermal history of the part and, consequently, their properties. Support 

structures should be strong yet easy to remove from the final parts. After deposition, the support 

structure can be broken off from the main parts or be cut using systems such as wire electric 

discharge machining (EDM). Since the support structures are printed with the same highly pure 

powder that is used to print the main parts in the controlled environment, the amount of 

contamination introduced is minimal. Support structures are another waste stream, similar to 

machine chips, that can be converted into a usable, low cost, and environmentally friendly 

alternative feedstock for AM.  

 
Figure 3.1. Different types of support structure printed in PBF a) block, b) point, c) web, d) 

contour, e) line [61].  
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As mentioned previously, mechanical milling has been used as a solid-state process to 

recycle machine chips [62]. High energy milling processes such as planetary ball mill (PBM) apply 

a much larger energy density to the particles during the milling duration. Fullenwider et al. used 

PBM to produce semi-spherical stainless steel particles to be used in AM [63]. They showed that 

single tracks deposited with the milled powder have very similar properties and microstructure 

compared to the single tracks deposited with gas atomized (GA) powder. GA is the most common 

powder used in AM and typically has a spherical morphology. During the milling process, kinetic 

energy is transferred to the powder particles as balls continuously collide with each other. Usually, 

the particles that are located between the balls will undergo continuous fracture and welding. Cold 

welding that is observed in the milling of Al and other ductile alloys is obtained by the joint plastic 

deformation of two metals, in this case, two metal particles [64]. In order to overcome the 

excessive cold welding, surface-active substances (process control agents, PCAs) are used. 

Although PCAs introduce contamination to the powders, they improve the mechanical alloying 

and the duration of the milling process. Stearic acid (C17H35CO2H) has been widely used as a PCA 

in milling Al alloys [65]. In addition, the size of the balls and the ball-to-powder ratio can play 

essential roles in the yield and morphology of the particles. As the size of the ball used in milling 

increases, the depth of the impact into a particle increases, as does the possibility of overcoming 

the ultimate tensile strength of the particles [25]. In addition, using larger balls in the milling 

process decreases the contact frequency, which can affect the yield of the process. In the current 

study, we investigated the effect of PCA, ball size, and duration of milling on the morphology and 

yield powders produced from support structures, using PBM. In addition, the effect of PCA and 

ball size on cryomilled support structures was also investigated.  
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3.2. Materials and methods 

The AlSi10Mg support structures were provided by the Morf3D company [66]. The 

AlSi10Mg support structures, shown in Figure 3.2, were kept separate from the rest of the waste 

produced in the facility. Depending on the design and functionality of the support structure, the 

support structures had different sizes and shapes. Most of the support structures printed in Morf3D 

were larger than 10 cm long and could not be directly used in any milling process. To reduce the 

size of the support structures, a cutting mill (Retsch 2000) was used to shred the support structures 

into particles smaller than 1 mm. Support structures usually have a porous structure, and fine 

feedstock particles can be trapped in them. To separate these fine GA particles from the shredded 

particles, shredded particles were sieved to remove particles smaller than 150 μm in diameter. The 

larger particles were used for milling.  

 
Figure 3.2. Support structures collected from Morf3D printed in different shapes.  

3.2.1. Planetary ball milling (PBM) 

To understand the effect of PCA on the morphology and yield of the milling process, PBM 

was used. The shredded support structures were milled in the PBM with 10 minutes of work, 

alternating with 5 minutes of rest, for 24 hours. The PCA content was varied with values of 0, 1, 
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and 1.5 wt.%. The powders were sieved after 24 hours of milling to evaluate the yield of the 

process. The yield of the process was the ratio of powder smaller than 150 μm to the total powder. 

The morphology of the particles was investigated using scanning electron microscopy (SEM) 

using a FEI Quanta 3D microscope. To examine the effect of the ball size on the morphology, size, 

and yield of the process, three stainless steel ball sizes (1/4-inch, 3/8-inch, and 5/8 inch) were used. 

All experiments were performed under an argon atmosphere to prevent any oxidation during the 

milling process. The ball-to-powder (BPR) weight ratio was kept constant at 10 to 1. After 

understanding the effect of the ball size on yield, the larger ball size was chosen to continue the 

milling process. The milling process was continued for 42 hours. After each milling run a sieving 

process was performed to measure the yield of the process, and SEM micrographs were acquired. 

The aspect ratio (AR) and the particle size were calculated using the SEM micrographs. The AR 

is measured by dividing the smallest diameter of the particles by the largest diameter. The size of 

the particle is the diameter of a spherical particle that has the equivalent area as the particle 

observed in the micrograph.  

3.2.2. Cryomilling  

Although, high energy balls are used to break down the particles in both PBM and 

cryomilling, there are significant differences between these processes. The volume of the 

cryomilling jar in our study is larger than the jar used for PBM, which makes it more desirable to 

prepare powder in sufficient quantities for AM. For the cryomilling process, the BPR was 

increased to 30 to 1, which increased the probability of impacting particles in the process to 

increase the yield. Although the effect of PCA and ball size were determined in the PBM study, 

they could not be directly used in the cryomilling experiment. The diameter of the jars and whether 

an attritor is used change the kinetic energy of the balls. In this work, ¼ - and 3/8- inch balls were 
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cryomilled for 10 hours. After each run, the particles were sieved, and the yield of particles in the 

range of 45-150 μm was calculated. Similarly, the morphology of the particles was investigated 

using SEM micrographs. To understand the effect of PCA on the process using 3/8-inch balls, 

PCA amount was varied, with values of 0.2 or 0.8 wt. %. The morphology and yield of the process 

were investigated. In addition, an X-ray diffraction pattern was acquired with a Rigaku SmartLab 

using a Cu kα filter to analyze the phases in the cryomilled powder compared with GA powder.  

3.3. Results  

3.3.1. Planetary ball milling (PBM) 

PCA can prevent the excessive cold welding of the particles, limiting the formation of the 

larger particles. In Table 3.1, the processing parameters used to understand the influence of PCA 

on the size reduction and morphology of the particles are displayed. The results show that the 

increase in the amount of PCA increases the yield of the process significantly.   

Table 3.1. The parameters used in the PBM of the support structures: RPM=Revolution per 

minute, BPR=ball to powder ratio, PCA=process control agent. 

Sample 

ID 

RPM BPR Run time (hr) Ball size 

(inch) 

PCA (wt. %) Yield (<150 μm) 

(%) 

P-1 300 10:1 24 ¼ 0 2.5 

P-2 300 10:1 24 ¼ 1 18 

P-3 300 10:1 24 ¼  1.5 30 

 

In addition to an increase in production of the amount of powder in the desired range, a 

change in the morphology of the particles was observed. As the amount of PCA increased, the 

number of fine and faceted particles increased. The SEM micrographs of  particle morphology are 

shown in Figure 3.3, indicating the formation of enormous particles in the absence of PCA and an 
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overabundance of fine particles when 1.5 wt.% PCA was used. Considering the yield of the 

process, 1.0 wt.% PCA was selected for further investigation. 

 
Figure 3.3. SEM micrographs of particles milled for twenty-four hours using a) zero percent PCA, 

b) one percent PCA, and c) 1.5 percent PCA. 

The effect of the ball size was investigated by using three different stainless steel ball sizes 

(1/4-inch, 3/8-inch, and 5/8-inch). The amount of PCA and other processing parameters were kept 

constant, as displayed in Table 3.2.   

Table 3.2. The parameters used in the PBM of the support structures with the focus on the 

influence of ball size on the yield: RPM=Revolution per minute, BPR=ball to powder ratio, 

PCA=process control agent. 

Sample 

ID 

RPM BPR Run time (hr) Ball size 

(inch) 

PCA (wt. %) Yield (<150 μm) 

(%) 

P-2 300 10:1 24 ¼ 1 18 

P-4 300 10:1 24 3/8 1 24 

P-5 300 10:1 18 5/8  1 30 

P-6 300 10:1 42 5/8 1 75  

 

The ball size has a definite impact on both the amount of powder produced in the desired 

size range and the morphology of the particles (Figure 3.4). The morphology of the particles was 

rock-like when milled with ¼-in balls and plate-like when milled with 5/8-inch balls. However, 

minimal differences were observed between the morphology of particles milled with ¼-inch balls 

and 3/8-inch balls as shown in Figure 3.4  (a) and (b). 
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Figure 3.4. SEM micrograph of the particles milled with a) ¼-inch balls, b) 3/8-inch balls, and c) 

5/8-inch balls. 

In addition to the ball size and PCA, the milling duration has a significant impact on the 

yield and morphology. As displayed in Table 3.2, when the milling continues to 42 hours using 

5/8-inch balls (Sample P-6), the yield of the process increases significantly. In fact, after milling 

for 42 hours, almost no large particles (larger than 500 μm) were observed in the powder. The 

change in the size of the particles during 42 hours of milling is illustrated in Figure 3.5. The results 

of particle size versus milling time show that in the first 6 hours of the milling process, a significant 

change in the size of the particles occurs. However, for the next 24 hours, almost half of the 

particles remained within the size of 150 – 500 μm, and the rest of the particles were larger than 

500 μm. After 30 hours of milling, change in the size was again observed, with a significant 

decrease in the mass percentage of particles larger than 500 μm. After 42 hours of milling, 

approximately 75% of the particles were smaller than 150 μm. Another observation on the size 

evolution of the particles is that after 36 hours, the number of the particles in the range of 150-500 

μm sharply increased, and after continued milling, the particles are broken down to finer particles. 

In addition to the high yield, particles milled for 42 hours showed a rock-like morphology (Figure 

3.6 (a)). The higher magnification of the particles milled for 42 hours (Figure 3.6 (b)) shows that 

these particles are formed from a number of smaller particles welded together. 
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Figure 3.5. Particle size changes during 42 hours of milling. 

The SEM micrographs show rock-like morphology for the particles collected after 42 hours 

of milling (Figure 3.6); however, the particle size and the AR of the particles are different from 

those of GA powder. The particles in the PBM powder are on average smaller compared to those 

in the GA powder, as shown in Figure 3.7 (a). The AR result also shows that the PBM particles 

are less spherical compared to GA particles, shown in Figure 3.7 (b).   

 
Figure 3.6. The morphology of the planetary ball milled particles (45-150 µm). b) higher 

magnification of one of the particles in (a). The particles looked rock-like; plate-like shaped 

particles were not observed. 



 

38 

 

 
Figure 3.7. a) The AR (aspect ratio) of the particles produced after 42 hours of PBM vs. GA b) 

particle size of PBM vs. GA powders. (PBM= plantery ball mill; GA=gas atomized). 

3.3.2. Cryomilling   

The ball-to-powder ratio of 30:1 was used to reduce the required milling time in the 

cryomilling experiment. The effect of PCA and the ball size on the yield of the cryomilling process 

is summarized in Table 3.3. Similar to PBM, using larger balls increases the yield of the process 

and using a lower amount of PCA decreases the yield. Although the mass percentage of particles 

in the range of 45-150 μm is lower when a lower amount of PCA is used, as shown in Figure 3.8, 

the mass percentage of particles smaller than 45 μm increased significantly; meanwhile, the mass 

percentage of large particles decreased. The result shows that size reduction has been successfully 

performed on the particles using larger balls and a lower amount of PCA. The morphology of the 

particles was not affected by the ball size; however, the morphology became significantly more 

spherical when the amount of PCA was decreased (Figure 3.9).  
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Table 3.3. The processing parameters used for the optimization of ball size and the PCA used in 

the cryomilling process 

Sample 

ID 

RPM BPR Run time (hr) Ball size 

(inch) 

PCA (wt. %) Yield (45-150 μm) 

(%) 

C-1 500 30:1 10 ¼ 0.8 13 

C-2 500 30:1 10 3/8 0.8 43 

C-3 500 30:1 10 3/8  0.2 25 

 

 
Figure 3.8. Shows the particle size distribution of powders produced in cryomilling using 

different processing parameters. 

 
Figure 3.9. a) SEM micrograph of particles produced using 0.8 wt.% PCA and ¼-inch balls, b) 

SEM micrograph of particles produced using 0.8 wt.% PCA and 3/8-inch balls, c) SEM 

micrograph of particles produced using 0.2 wt.% PCA and 3/8-inch balls (PCA= process control 

agent). 
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In this experiment, the number of balls per unit volume in the vessel during the cryomilling 

process is higher than with PBM; this can increase the chance of contamination from the stainless 

steel balls and vessel. However, no significant phase change in the cryomilling powder was 

observed in the XRD pattern compared to GA powder as displayed in Figure 3.10.  

 
Figure 3.10. XRD pattern of powder cryomilled for 10 hours vs. GA powder. (GA= gas 

atomized). 

The process parameter optimization successfully increased the yield and slightly modified 

the particle morphology in the cryomilling process. To test the printability of cryomilled powder 

in AM, the powder produced using process parameters of sample (C-3) in Table 3.3 was used to 

print U-shaped tracks in a custom built powder bed AM system. The results show that although 

the particles produced using lower PCA and larger balls show a smaller number of plate-like 

particles, they were not suitable to be used in this custom-built powder bed system. The results 

displayed in Figure 3.11 indicate that U-tracks deposited with GA powder (Figure 3.11 (a)) have 

a higher height and are more continuous compared to U-tracks deposited with the cryomilled 

powder (Figure 3.11 (b)).  
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Figure 3.11. Single tracks deposited in a custom powder bed using a) GA and b) cryomilled 

powder. (GA= gas atomized). 

3.4. Discussion  

3.4.1. Planetary ball milling (PBM) 

PBM is used for numerous purposes in the powder industry. It is mostly used to modify 

the microstructure of the particles, for mechanical alloying, and less often for size modification. 

PBM has also been used to produce powder for AM. Han et al. used PBM to prepare aluminum 

matrix composites for SLM [67]. They showed that increasing the milling time can provide 

particles with semi-spherical morphology. In high energy milling processes such as PBM, the 

particles can be welded together and form one large particle. This effect has been observed in our 

PBM powder with no PCA as well. Zhang et al. used a backpropagation neural network to predict 

the relationship between PCA and particle size during the milling [65]. Their result, backed up 

with experimental data, showed that by increasing the PCA from 0% to 1%, the particle size 

decreases from 40 μm to 27 μm. However, an increased amount of PCA can interfere with the 

milling process by minimizing the formation of larger particles from smaller particles. In our study, 

1 wt.% PCA helped to increase the yield significantly; however, when a higher amount of PCA 

was used, particles were unable to weld together to form more rock-like particles. During the 

milling process two processes affecting particle size are simultaneously taking place: fusion of 

smaller particles together to form larger particles, and fracture of the larger particles to form 
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smaller particles [68]. In fact, the right amount of cold welding and powder fracture is necessary 

to fabricate particles with the desired size and morphology. Micrographs displayed in Figure 3.3 

show that there are a significant amount of very fine particles produced when 1.5 wt.% PCA was 

used, suggesting that a higher amount of PCA prevents welding of finer particles to each other. 

However, in 1 wt.% PCA, we can see that the larger particles mostly consist of smaller particles 

that were welded together (see Figure 3.3).  

The effect of the ball size on the particles during the milling process has been previously 

demonstrated by many researchers. Shin et al. showed that increasing the ball size from 1 mm to 

2 mm in wet ball milling significantly reduced the average particle size; however, increasing the 

ball size more than 2 mm increases the average particle size [69]. In their results, the 2 mm balls 

showed the optimum size reduction impact. The change in the ball size modifies the dynamic of 

the particle size reduction in two primary ways: 1) changing the total number of contact points 

between the balls and particles, and 2) changing the kinetic energy of the colliding balls. Our 

collaborators at the Colorado State University showed that larger balls increase the force on 

particles in every impact [25]. Increasing energy increases the probability of overcoming the 

tensile strength of the particle and breaking it into smaller particles. In addition, larger balls impact 

the particles deeper than smaller balls, making each impact more efficient in the particle size 

reduction process. Our results show that increasing the ball size increases the yield while producing 

more plate-like particles.  

 Using larger balls resulted in formation of more plate-like particles due to the ductile 

behavior of the particles. The larger size of the balls presses the particles more forcefully when 

they are between two balls or between the balls and the vessel’s wall. As the milling process 

continues for an extended time, welding and fracture of flattened particles increases the yield of 
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the process to more than 70%. Although the morphology of the particles milled for 42 hours 

showed semi-spherical shape, as displayed in Figure 3.6, the milled particles show different 

particle size distributions and aspect ratios compared to the GA powder (Figure 3.7). Additional 

morphology modification should be used to improve the AR of the milled particles. Lower AR 

and particle size can cause a significant change in the flowability of the milled powder in AM. As 

described in Chapter 2. In this study, the milled powder was on average smaller than GA powder, 

which can increase the particle-to-particle friction and particle agglomeration, consequently 

affecting the flowability of the powder. In addition, the lower AR observed in the milled powder 

influences its compactibility. Powder with non-spherical shapes tends to pack less efficiently 

compared to spherically shaped particles. The compaction behavior, important in SLM systems, 

plays an important role in the part’s height and porosity. In addition, compacted non-spherical 

powder usually does not easily initiate powder flow. The initiation of flow is crucial in the hopper 

discharge in both SLM and L-DED systems. However, experimental work is required to quantify 

the direct impact of these changes in the powder morphology on the quality of printed parts. 

3.4.2. Cryomilling  

Cryomilling has been successfully used in size reduction, grain refinement, and production 

of composite materials. However, this powerful technique mostly has been used for producing 

powder to be used with other consolidating techniques such as spark plasma sintering (SPS) rather 

than with AM. Cryomilling has proven very successful in producing a homogenous distribution of 

ceramics and metal powder to be used as a metal matrix. Although the use of this technique for 

reducing particle size has not been widely investigated, some studies mention this effect. De Lira 

et al. showed that the temperature, rotation speed, and ball-to-powder ratio play important roles in 

the particle size and crystalline size of milled pure Al particles [70]. They showed that the Al 
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particles experienced an initial size increase followed by a size reduction with continued milling 

at room temperature. However, only reduction in the particle size was observed when the cryogenic 

temperature was used. Other studies, such as the study published by Badiola et al. in 2009, show 

that particle size distribution and average particle size significantly changed in PBM and 

cryomilling of 12Al.3CuO powder [71]. The cryomilled particles showed a significant increase in 

the particle size, whereas PBM powder showed a slight decrease in the average particle size. An 

increase in the size of Inconel 625 particles after cryomilling for 8 hours has also been reported 

[72]. The particle size distribution for Ti particles during cryomilling became broader as the 

milling time increased, and the average particle size increased from approximately 50 μm to 110 

μm. In addition, the particle morphology changed from plate-like particles after 1 hour of 

cryomilling to rock-like particles after 6 hours of milling [73]. A significant change in the 

morphology and size of cryomilled pure Mg is reported by Wang et al. Their result showed that 

flat particles were seen at first, transitioning to a rock-like shape after cryomilling for 8 hours [74]. 

Although many of these studies have shown the increase in the size of the cryomilled particles, it 

is important to mention that the starting size of the particles in the current work and in the published 

works are very different. Most of the published works were focusing on using GA powder as the 

starting feedstock material, with particle size on the order of 100 μm; however, the size of the 

particles used in the current study is almost 10 times that size. The larger starting particles can be 

one reason that a reduction in particle size has been observed.  

The effects of ball size and the amount of PCA on the yield and morphology of the particles 

have been shown in the cryomilled and PBM powder. However, as the milling media, ball-to-

powder ratio, and the jar size are different in cryomilled and PBM process, optimization of the 

amount of PCA and ball size is required for each system. Larger balls in both milling settings 
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increased the yield of the process due to changes in the kinetic energy of the balls. According to 

previously published work on cryomilling of Al alloys, using a high amount of PCA (1%) was not 

suggested due to the formation of highly faceted particles. Ye et al. showed that increasing the 

amount of PCA from 0 to 0.2 wt.% in cryomilling Al alloy with B4C particles increases the material 

yield significantly; however, increasing the PCA amount to higher values does not increase the 

yield as much [75]. Similarly, our work showed higher yield when a higher amount of PCA was 

used. However, the main difference between the 0.2 wt.% and 0.8 wt.% PCA samples was the 

abundance of smaller particles when a lower amount of PCA was used. The lower amount of PCA 

and extended milling time can result in cold welding of these finer particles and the formation of 

larger particles in the desired size, which can be of interest for future work.  

The result of AM deposition of U-shaped tracks using the cryomilled and GA powder 

showed significant differences. These differences can be traced back to the morphology and 

packing behavior of the cryomilled powder. Powder with non-spherical shape usually shows poor 

initial packing density. This is due to the fact that the particles are clinging to each other on the 

edges and as a result, there will be empty spaces between the particles. The empty space can result 

in lack-of-fusion pores in the samples. The empty space also affects the available material in the 

melt pool, resulting in lower buildup height of the tracks printed in AM. In addition, finer particles 

usually show lower flowability. This is due to their higher surface energy and higher number of 

particles. The fine particles have a hard time passing each other to fill the voids and increase the 

packing density.  

3.5. Conclusions  

Additive manufacturing (AM), as a promising technique for reducing the cost and waste of 

production, is potentially able to upcycle scrap material. The support structures printed during 



 

46 

 

selective laser melting can be recycled in a solid-state recycling technique. In this work, a planetary 

ball mill and cryomill are used to produce particles smaller than 150 μm that can be used in 

different AM techniques. The amount of process control agent, ball size, and milling duration used 

in the planetary ball mill process have been varied to achieve this goal. The larger balls increase 

the yield of the process significantly. Although the addition of PCA to the milling media increases 

the efficiency, the addition of higher than 1.0 wt.% does not increase the yield nor improve the 

size reduction in a noticeable manner.  

 Cryomilling was used to produce powder in the size range of 45-150 μm, as a potential 

feedstock for AM processes. Cryomilling has many advantages compared to PBM, such as larger 

jars, which can increase the amount of powder produced in each run. In addition, using the 

cryogenic temperature shortened the milling duration. In this study, the PCA and ball size used in 

the cryomilling were optimized to increase the yield and alter the morphology. The result of this 

study showed that a higher amount of PCA will increase the formation of very fine particles, which 

is not desirable in AM. Larger balls, however, can increase the yield of the process significantly.  
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Chapter 4: Directed Energy Deposition of AlSi10Mg: Single Track 

Nonscalability and Bulk Properties 
 

Abstract  

Additive manufacturing of Al alloys presents an opportunity to produce complex parts that 

leverage their high specific strength. This chapter aims to study the effect of processing parameters 

on the fabrication of single tracks and thin walls using AlSi10Mg powder in L-DED. A processing 

window was identified to enable continuous single track deposition with a regular shape. 

Deposition of thin walls and single tracks were used as a guideline to deposit blocks.  Blocks were 

deposited using L-DED, and the physical, microstructural, and mechanical properties of the 

samples were investigated. Results demonstrated that the morphology of the thin walls were a 

better indicator of the morphology of the block samples than single tracks were, and care must be 

taken when transitioning from depositing single tracks to bulk (thin walls and blocks) samples. 

Results from mechanical testing show slight inhomogenity as a function of height within the build 

for elongation and ultimate tensile strength. Microhardness and yield strength, however, were 

mostly uniform throughout the build. Overall, the results of this study demonstrate that L-DED is 

suitable for depositing AlSi10Mg and obtaining mechanical properties superior to those achieved 

through casting.  

4.1. Introduction  

Additive manufacturing (AM) has been widely used in recent years because of its ability 

to fabricate parts with unique microstructure and complex geometries. A wide range of metal 

alloys have been deposited using the LENS® system including and not limited to stainless steel 

[76], Ti [77], Al alloys [78], and Ni superalloys [79]. Al-Si alloys in particular have been 
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extensively used specifically due to their low density, good mechanical properties, and low 

recycling costs [80]. However, material properties, such as high reflectivity (91%), high thermal 

conductivity (146 W m−1 K−1) [81,82] and relatively low melting point (600°C), make processing 

Al alloys via metal AM more challenging [83]. Unfortunately, the high solidification shrinkage 

and solubility of hydrogen combined with the high coefficient of thermal expansion and wide 

solidification temperature range can change the weldability and behavior of  these alloys in metal 

AM [84].  

Deposition of parts in the laser directed energy deposition (L-DED) system will be affected 

by many processing parameters including but not limited to laser scan speed, laser power, and 

powder feedrate. Because of their simplictiy, studies of single track deposits are often used to 

explore the influence of processing parameters on sample microstructure and physical properties 

in metal AM, and to establish process condtions for larger builds [85–87]. These studies have 

evaluated mostly PBF parameters, yet one study investigated L-DED of pure Fe showing that 

similar process parameters could be used for both single tracks and bulk deposits [87]. For Al-Si-

Mg alloys, there are various published studies on the relationship between microstructure and 

processing parameters, most of which are based on the PBF technique [12,81,88–90]. Previously 

published studies on the deposition of bulk AlSi10Mg using L-DED also generally focus on 

processing parameter optimization, mechanical behavior characterization, and heat treatment 

[45,91,92]. Javidani et al. evaluated the feasibility of depositing bulk AlSi10Mg with L-DED; 

variations in the hardness and microsturcture in the L-DED deposited samples were observed [45]. 

Wang et al. investigated the effect of scan speed and chamber oxygen concentration on the pore 

formation and consequently the mechanical properties of AlSi10Mg walls deposited in L-DED 

[91]. To the authors’ knowledge, the relationship between single tracks and bulk (thin wall and 
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block) samples deposited in a L-DED system for AlSi10Mg has not been investigated. To fill this 

knowledge gap, this work aims to investigate the effect of processing parameters on deposition of 

single tracks, thin walls, and block samples. Specifically, the processing window for depositing 

AlSi10Mg single tracks was defined by looking into the morphology and melt pool size. The 

scalability between single track, thin wall, and block processing conditions were examined. 

Successful deposition of block samples allowed for an investigation into the microstructure and 

tensile behavior.  

4.2. Experimental procedure 

AlSi10Mg gas atomized powders were purchased from Valimet Inc. in the particle size 

range of 46-150 μm. A LENS® 1000 workstation was used to deposit single tracks, thin walls, and 

blocks on a 6061 Al (Cu 0.15-0.4 wt.%, Fe max 0.7 wt.%, Mg 0.8-0.12 wt.%, Mn max 0.15 wt.%, 

Si 0.4-0.8 wt.%, Ti max 0.15 wt.%, Cr 0.15-0.4 wt.% Al bal.) substrate. The chamber was 

thoroughly cleaned before each deposit to prevent any cross contamination, and the oxygen 

concentration was kept below 20 ppm for the entire deposition process. The combination of 

different laser power values (400, 500, 600, 700, 800, and 900 W), laser scan speeds (4.2, 10.5, 

and 16.9 mm/s) and powder feedrate settings (1.8, 2.0, and 2.2 rotation per minute (RPM)) were 

used to deposit fifty-four single tracks. The powder flowrate in g/s was recorded by measuring the 

amount of powder going through the LENS® system in a fixed amount of time, while the powder 

feedrate setting was kept constant. The tracks were characterized by visual inspection using an 

Olympus BX53M optical microscope (OM) to determine the integrity of each combination of 

deposition parameters. A Mitsubishi model F020S wire electric discharge machining (EDM) 

system was used to cut cross sections of the single tracks. Cross section samples were polished 

metallographically with SiC papers (600 to 1200 grit size) using an auto polisher (Buehler 
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AutoMet 250) followed by manually polishing down to 1 μm using diamond suspension. Thirty-

six thin wall samples (1.27 cm x 1.27 cm x 0.5 mm) were deposited with two scan speeds (4.2 and 

16.9 mm/s), three different powder feedrates (1.8, 2.0 and 2.2 RPM), and varying laser power from 

400-900 W.  The layer increment was 0.304 mm for all the thin walls. The macroscopic quality of 

the thin walls was investigated by examining their size and shape relative to the target dimensions 

in the CAD model. Several horizontal blocks were deposited using laser power as a variable (500 

W, 600 W, 700 W), a scan speed of 16.9 mm/s, and a powder feedrate of 2 RPM. The hatch 

increment, layer increment, and laser spot size used were 0.406, 0.304, and 1.2 mm, respectively. 

The blocks were designed to be 3.81 cm x 1.01 cm x 1.01 cm in size. Only the three blocks 

deposited with laser power = 600 W were of high quality and were, therefore, used for further 

characterization. Five dogbone samples were cut from each block using wire EDM, following the 

dimensions outlined in Figure 4.1 (a) [43]. A separation of 0.5 mm was used between each 

dogbone, as seen in Figure 4.1 (b). In this work, the dogbones are labeled 1, 2, 3, 4 and 5, where 1 

is the closest to the substrate and 5 is closest to the top of the block. Additional samples were also 

cut from the block parallel to the build direction, as shown in Figure 4.1 (b), and were used for 

microstructural characterization. These samples were manually polished to 1 µm diamond and 

etched with Keller’s reagent for 12 seconds.  

 
Figure 4.1. a) the geometry of the dogbones cut for the tensile tests (the dogbone radius is 1 mm). 

b) schematic showing the location of dogbones and sample used for microstructural 

characterization relative to the L-DED AlSi10Mg build geometry. c) photograph of an L-DED 

AlSi10Mg block deposited for tensile tests. 
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A FEI Quanta 3D scanning electron microscope (SEM) equipped with energy dispersive 

X-ray spectroscopy (EDS) was used to analyze the microstructure and chemical composition of 

the various samples. X-ray diffraction (XRD) was performed on polished samples with a Rigaku 

SmartLab diffractometer using a Cu kα filter to analyze the phases in the virgin powder and the 

blocks. Archimedes’ principle was used to measure the density of the block samples in ethanol at 

room temperature [93]. All tensile tests were performed using an Instron 8801 load frame equipped 

with a 100 kN load cell and a video extensometer to resolve axial strain with a nominal strain rate 

of 0.001 s-1. Vickers microhardness tests were performed using a Struers Duramin 5 instrument by 

applying 9.81 N load for 15 s. Microhardness tests were performed on a vertical sample, cut from 

the original block sample, with the testing surface parallel to the build direction. A total of 50 

different locations (5 rows of 10 indents) were systematically tested in one of the blocks to analyze 

the microhardness.  

4.3. Results  

4.3.1. Single tracks 

OM images of single tracks can be used to examine their integrity. It is noticeable that both 

the laser power and scan speed have a significant impact on the stability of the single tracks. The 

morphologies of eighteen representative single tracks, deposited with three different scan speeds 

(4.2 mm/s, 10.5 mm/s, 16.9 mm/s) and six different laser powers (400-900 W) while keeping the 

powder feedrate constant (2 RPM), are shown in Figure 4.2 . A red border in Figure 4.2 represents 

an unsuccessful single track. A yellow border represents continuous single tracks with irregular 

shapes. A green border shows continuous and regular shaped single tracks. The single track with 

a white/black border is deposited with the same parameters used for the block deposits. The cross 
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sections of all fifty-four single tracks (not shown) exhibit  an oval shape; a keyhole melt pool shape 

was not observed in any of the deposited tracks. 

 
Figure 4.2. Optical micrographs of L-DED AlSi10Mg single tracks deposited using different scan 

speeds (mm/s) and laser powers (W). The powder feedrate for all tracks was two revolutions per 

minute (2 RPM). 

Powder feedrate can also affect the morphology, shape, and size of the single tracks. Figure 

4.3 shows the morphologies and cross sections of single tracks deposited with laser power of 700 

W and scan speed of 10.5 mm/s, while varying the powder feedrate from 1.8 RPM (Figure 4.3 (a)), 

to 2.0 RPM (Figure 4.3 (b)) and 2.2 RPM (Figure 4.3 (c)). As powder feedrate increases, the shape 

of the single track becomes more uniform, the track height increases, and the penetration into the 

substrate decreases. The same behavior has been observed in single tracks deposited with different 

laser power and scan speed values.   
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Figure 4.3. Optical micrographs showing a bird’s-eye (left) and cross section (right) view of single 

tracks deposited with 10.5 mm/s scan speed and 700 W laser power. Powder feedrate was varied: 

a) 1.8 RPM (LMDD=0.006 g/mm), b) 2.0 RPM (LMDD=0.007 g/mm), and c) 2.2 RPM 

(LMDD=0.01 g/mm). 

4.3.2. Thin walls 

The deposited thin walls showed a range of morphology, surface finish, size, and porosity 

depending on laser power and scan speed, as noted in Figure 4.4, and observed in the photographs 

of representative samples shown in Figure 4.5. The red cells in Figure 4.4 represent the thin walls 

with dimensions that differ from the designed dimensions and the yellow cells represent the thin 

walls with poor surface finish and high porosity. Eleven parameter combinations presented in 

Figure 4.4 indicate that increasing the laser power resulted in larger thin walls. Lower scan speeds 

resulted in taller and wider thin walls. Increasing the scan speed resulted in thin walls that were 

closer in size and geometry to the target dimensions. Thin walls deposited with powder feedrates 

lower or higher than 2 RPM showed lack of growth or extensive growth. A laser power of 600 W 

and a scan speed of 16.9 mm/s were the optimal parameters for depositing thin walls with minimal 

porosity and high dimensional accuracy (highlighted in green in Figure 4.4). 
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Figure 4.4. Parameters used in L-DED AlSi10Mg thin wall deposits. 

 
Figure 4.5. The morphology of two representative L-DED AlSi10Mg thin walls: deposition 

parameters were: a) 600 W, 2 RPM, 4.2 mm/s b) 600 W, 2 RPM, 16.9 mm/s. 

4.3.3. Blocks 

The block samples that were deposited using the optimal thin wall processing parameters, 

noted in Figure 4.4, exhibited good surface finish, uniform shape, and no discoloration on the 

surfaces, as illustrated in Figure 4.1 (c). These blocks were selected for further study. The 

measured dimensions of the blocks after deposition were very close to the target dimensions (3.86 

± 0.01) cm x (0.86 ± 0.03) cm x (1.09 ± 0.03) cm. Archimedes density measurements indicate that 

all samples were fully dense, 99.3% ± 0.3, compared to a theoretical density value of 2.68 g/cm3 

[45]. 
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The XRD measurements, presented in Figure 4.6 for both the starting powder and one of 

the blocks, indicate the presence of Al, Si, and small peaks of Mg2Si in both samples. No additional 

extraneous peaks are detected in either the powder or the block. Additionally, minimal differences 

are observed between the XRD pattern of the powder and that of the block, indicating that the 

phase state of the starting powder was preserved after deposition.  

 
Figure 4.6. XRD patterns for the AlSi10Mg powder and L-DED AlSi10Mg block sample. 

EDS analysis of the deposited block shows Al and Mg are uniformly distributed throughout 

the sample, as presented in Figure 4.7. In contrast, segregation of Si was observed at the cell 

boundaries. 
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Figure 4.7. a) SEM image of the etched surface from the L-DED AlSi10Mg microstructure 

characterization sample. EDS elemental maps showing the distributions of: b) Al, c) Si, and d) Mg 

in the deposited block. 

An etched surface was used to analyze the microstructural evolution along the build 

direction (Figure 4.8). Figure 4.8 (a) shows the change in the microstructure in two subsequent 

layers. The cellular structure is visible in the ‘previous’ layer, transforming to the heat affected 

zone (HAZ) and to a dendritic microstructure in the ‘new’ layer. Figure 4.8 (b) and (c) show the 

presence of the Al matrix (darker color) and the concentration of the Si/α eutectic (lighter color) 

in the cellular boundaries. Figure 4.8 (b) displays a representative microstructure of the region near 

the top of the sample, and Figure 4.8 (c) shows a representative microstructure of the region closer 

to the substrate.  

 
Figure 4.8. SEM micrographs showing the microstructure of the: a) two subsequent layers, b) top 

and c) bottom of the L-DED AlSi10Mg block. The build direction is from bottom to the top of the 

micrographs. The light regions are the Si/α eutectic, and the dark regions are Al matrix. Note the 

differences in scale. 
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The tensile properties of the blocks exhibit minimal changes along the build direction. 

Figure 4.9 (a) and (b) provide a summary of the elongation to failure, ultimate tensile strength 

(UTS) and yield strength in the tensile samples from the bottom of the block to the top, averaged 

for all three blocks. The average values of the tensile test and the microhardness are provided in 

Table 4.1. A slight decrease in the value of microhardness was seen by comparing measurements 

closer to the top of the sample with measurements closer to the substrate (Figure 4.9 (b)), but the 

values all remain within a standard deviation of each other.  

 
Figure 4.9. Location dependence of mechanical behavior in L-DED AlSi10Mg blocks. a) 

elongation to failure and ultimate tensile strength (UTS), b) yield strength, and Vickers 

microhardness of dogbones 1, 2, 3, 4, and 5. The error bars in UTS, yield strength, and elongation 

represent the standard deviation from three blocks. The microhardness error bars represent the 

standard deviation for the multiple indentations in one block sample. 

Table 4.1. Average mechanical test results for L-DED AlSi10Mg blocks. 

Mechanical Properties  This 

Work 

SLM  [90] SLM + 

Aging [83] 

Conventional Cast 

and Aged [83]  

Ultimate Tensile Strength (MPa) 344 ± 16  425.25 ±10.7  399 ± 7  300-317 

Yield Strength (2% offset) (MPa) 200 ± 10  322.17 ±8.1 -- - 

Elongation (%) 5 ± 1.0  5.3±0.22  3.3 ± 0.4  2.5-3.5 

Microhardness (HV) 107 ± 4  132.55±5.3  152.5 ± 5  86 

 

Despite the high relative density of the blocks, pores with two different shapes and sizes 

were observed in the cross section of the deposited blocks, as shown in Figure 4.10. Large pores 

with a length ranging from 40 to 300 μm were concentrated along the first few deposited layers 
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and between different tracks (Figure 4.10 (a)). Unmelted particles were trapped in some pores, as 

observed in Figure 4.10 (b). These elongated pores with irregular shapes are categorized as lack-

of-fusion (LoF) pores. The number and size of LoF pores appear to decrease from the bottom of 

the sample to the top. Small pores were observed throughout the deposited sample especially at 

locations far from the substrate. These pores were more spherical with sizes ranging from 2 to 45 

μm (Figure 4.10 (c)). Small spherical pores commonly result from gas entrapped in the build 

during deposition or in the feedstock gas atomized particles. Similar pore structures were observed 

in the fracture surfaces (Figure 4.11 (a) and (b)). The dimples are also observed in the fracture 

surface, consistent with the ductile deformation response. A higher magnification image of a LoF 

pore at the fracture surface is provided in Figure 4.11 (c).  

 
Figure 4.10. Micrographs showing the different shapes of the porosity observed in the L-DED 

AlSi10Mg blocks. a) Optical microscopy image showing track boundaries; a pore between tracks 

is highlighted. b) SEM micrograph showing irregular pores that were observed close to the 

substrate. Unmelted particles are highlighted inside the pore. c) SEM micrograph showing 

spherical porosity that was observed close to the top of the build. 
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Figure 4.11. SEM micrographs highlighting specific features found on the fracture surfaces of 

the L-DED AlSi10Mg dogbone samples: a) dimples and porosity for position 5, b) cleavage. 

fracture and spherical porosity for position 3, and c) lack of fusion (LoF) pores and cleavage 

fracture in position 1 (bottom of the build). 

4.4. Discussion  

4.4.1. Single track deposition 

Buchbinder et al. suggested to increase the laser power to overcome some of the issues 

associated with the high reflectivity and high heat conductivity of Al alloy deposits [94]. Similarly, 

there are a number of studies that use high laser power (1900-3600 W) to deposit AlSi10Mg using 

L-DED [95–97]. However, these studies deposit samples with significant inhomogeneity in the 

microstructure, leading to variability in the microhardness values throughout the build. In the 

current study, a range of acceptable combinations of laser power and scan speed were identified 

to produce single tracks with uniform morphology (continuous semi-cylindrical shape). The 

colormap used in Figure 4.2 shows three categories of single track morphology. Single tracks 

presented with a red border were unable to form a continuous track using the parameters indicated. 

A yellow border represents parameters leading to single tracks that do not have a regular 

cylindrical shape. Balling, which is the formation of a ball of material on top of the substrate or 

previous layer [85], was also observed in the single tracks in this category. The green borders 

highlight parameters that enable continuous single track deposits with regular cylindrical shapes. 

The quality of the single track morphology, i.e., continuity and cylindrical shape, is improved as 
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the laser power is increased while keeping the powder feed rate and scan speed constant. In 

contrast, increasing the scan speed when keeping the other parameters constant results in a 

decrease in the height and an increase in the irregularity in the morphology of the single track. 

These irregularly shaped single tracks formed when the energy was low, and a series of 

disconnected beads were deposited instead of a continuous single track. Laser power values lower 

than 800 W do not provide sufficient energy to melt the particles and create a stable melt pool that 

continues throughout the track. The need for high laser power to successfully deposit Al is 

expected and is commonly attributed to the high reflectivity of Al and the interference from the 

passivation layer [98].  

A commonly used metric to assess the energy delivered to the track is the linear energy 

density (LED) (𝐽/𝑚𝑚), which scales to the ratio of:  
𝑃

𝑣
 [99], where 𝑃 is laser power in W and 𝑣 is 

scan speed in mm/s. The calculated LED values for the single tracks shown in Figure 4.2 highlight 

that the quality of the tracks improve as you move to the bottom left hand corner of the diagram, 

which is where the LED values are higher. However, the data also show that LED is not sufficient 

to predict track quality, as values as high as 142 J/mm led to poor quality yet values as low as 76 

J/mm led to good quality. Low laser power does not provide enough energy to melt the substrate 

and particles, so a continuous single track cannot be deposited. Balling can also be seen in some 

of the single tracks with lower laser power and lower scan speed. Therefore, LED alone does not 

directly predict whether the formation of a continuous single track will be successful. This is not 

only because of the inherent limitations of the LED values (e.g., it is not based on physical 

phenomena), but this measurement also does not include the effect of powder feedrate, which is 

important in L-DED techniques. This observation is consistent with other published work. As 
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Scipioni Bertoli et al. showed, the Volumetric Energy Density (VED) cannot properly predict 

melting conditions and single track morphology in L-PBF of stainless steel [100].  

The powder feedrate affects the quality of the deposits and can change the processing 

window. Increasing powder feedrate increases the amount of material available in the melt pool 

and subsequently may increase the dimensions of the single track. The available material in the 

melt pool can be expressed by introducing another metric, linear material delivery density 

(LMDD), calculated as 
𝐹

𝑣
 (g/mm), where F is powder flowrate (g/s) and 𝑣 is scan speed (mm/s) 

[101]. This parameter corresponds to the amount of material delivered per unit length of the track. 

Higher values of LMDD indicate that more particles are introduced into the melt pool and the 

available energy could be used to melt more particles into the track. Consequently, the powder 

capture efficiency and the size of the melt pool are increased. However, increasing the feedrate 

beyond an optimum point results in a reduction of the powder capture efficiency due to an increase 

in the number of floating particles on the melt pool surface that deflect incoming particles, as Haley 

et. al. explained in their study [102]. High LMDD values are required to provide enough material 

in the molten pool for deposition of high-quality single tracks, i.e., continuous single tracks. On 

the other hand, high LED values are needed to provide enough energy to melt the powder particles 

and cold substrate to create the melt pool. Figure 4.3 shows that as LMDD increases, the shape of 

the single track becomes more uniform. Moreover, the cross section of the single tracks show that 

the height of the single track increases as LMDD increases, while the penetration depth to substrate 

decreases with increasing LMDD, indicating that some compromise exists between single track 

uniformity and dimensions with respect to increasing LMDD. 

Based on the aforementioned observations, the effect of processing parameters on the 

single track morphology is summarized as follows. Increasing the powder feedrate while keeping 
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the laser scan speed and power constant improves single track integrity and surface finish, as 

shown in Figure 4.3. High laser power and low scan speed can cause the balling of material on the 

surface of the substrate with minimal wetting (penetration of the melt pool into the substrate). The 

surface energy of a spherical molten material is lower than the surface energy of a semi-cylinder 

of material such as a single track [103]. With high scan speed and low laser power, there is not 

enough energy available to melt all the particles completely to achieve a uniform track shape. The 

resulting balling of material is poorly connected to the previous layers, and the track is often 

noncontinuous. Besides the processing parameters investigated in this study, other processing 

parameters such as carrier gas flow rate, layer increment, hatch spacing, etc. are known to affect 

the deposition behavior; a comprehensive investigation into the effect of all of these parameters, 

although outside of scope of the current study, would provide valuable insight into L-DED of metal 

systems.  

4.4.2. Thin wall deposition  

Thin walls deposited using the processing window feasible for successful single track 

deposition generally displayed poor surface finish, inaccurate dimensions, and high porosity. 

Figure 4.4 shows the processing parameters used for the thin walls and the corresponding values 

of LED and LMDD. The red cells in Figure 4.4 represent the thin walls that exhibit high volume 

of pores and have dimensions that significantly deviate from the target values. The results of this 

study indicate that high laser power and low scan speed are not required to successfully deposit 

AlSi10Mg thin walls. Lower scan speed (high LMDD) resulted in thin walls with larger height 

and width than the target dimensions, while increasing the laser power made the walls larger in 

width, height, and length. Increasing the scan speed to 16.9 mm/s (lower LMDD) made the 

geometry of the thin walls closer to the target dimensions and improved the surface finish. 
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However, increasing the laser power led to asymmetric shape of the thin walls, with the top of the 

wall being larger than the bottom. The yellow cells in Figure 4.4 highlight the parameters that 

produce thin walls with sizes close to the target dimensions but with discontinuities in the shape 

of the thin wall, along with high porosity. The green cell shows the parameters that resulted in the 

best thin wall in terms of size and morphology. The inaccuracy in geometry of the thin walls with 

high LMDD can be due to a higher concentration of particles per unit length, which enlarges the 

dimension of the individual thin walls. High energy densities are not desirable for thin walls due 

to formation of steep thermal gradients in each layer that increase the possibility of creating 

keyholes in the deposits. The thin wall deposits demonstrate a LMDD and LED processing window 

that is reversed from the requirements for processing successful single tracks. However, both 

sample geometries possess a narrow multivariate processing window for producing successful 

samples. LED, or any single processing metric, is insufficient to describe the conditions necessary 

for producing successful AlSi10Mg parts of any geometry. 

4.4.3. Block deposition 

Yadroitsev et al. showed that single track morphology can determine the properties of the 

parts and that surface stability may influence the formation of porosity in the build [85]. The 

morphology of single tracks can be varied by changing deposition parameters such as laser scan 

speed and power as was seen in other studies [12,102]. The parameters that lead to balling in single 

tracks can often cause defects when they are used to deposit blocks. These defects include porosity, 

micro-cracks, and poor surface finish [104]. Although a single track may commonly be used as a 

guide for choosing a set of parameters for a bulk deposit, this is not the case for L-DED of 

AlSi10Mg in this study.  
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Based on the thin wall deposition experiment, it was found that successful thin wall 

deposits could be achieved using a laser power of 600 W, a scan speed of 16.9 mm/s, and a powder 

feedrate of 2 RPM. The blocks deposited with these parameters were successful as well; however, 

the single track deposited with the same set of parameters as the bulk sample, as shown in Figure 

4.2 and highlighted with the black and white frame, does not show a good surface finish nor 

morphology. Although the blocks deposited based on the optimal thin wall processing parameters 

were fully dense with high dimensional accuracy, the physical and microstructural features 

between thin walls and blocks were slightly different. This difference is due to the effect of 

geometry on the thermal history and temperature gradient during deposition. It is noteworthy to 

mention that the dimensional accuracy of the single tracks is not comparable to that for the block. 

This variation in dimensional accuracy between the single tracks and the blocks can be explained 

by the amount of available energy at each point in a bulk deposition versus that in a single track. 

Zheng et al. showed that in the LENS® system, as the number of layers increases the temperature 

of the melt pool increases, while the cooling rate decreases [105]. In addition, the optical and 

thermophysical properties of the Al varies with temperature. Darla et al. showed that thermal 

conductivity and laser reflectivity of pure Al decreases significantly at elevated temperatures 

[106]. Thus, the temperature increase caused by the heat accumulation of multi-layer deposition 

will decrease the thermal conductivity and laser reflectivity of the melt pool, further increasing the 

energy stored and reducing the energy needed for subsequent deposition. In other words, the LED 

required for deposition of upper layers in blocks and thin walls is lower than that needed to deposit 

single tracks.  

Although the parameters needed to deposit high-quality (i.e., continuous) single tracks do 

not translate to the parameters needed for highly dense bulk samples, the parameters for thin wall 
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deposition did translate well into those needed for larger blocks. A thin wall study produces 

processing parameters that are more scalable than a single track study, while still being more 

efficient and economical than performing a similar study on block deposits. Using thin walls to 

explore the processing parameter space will be particularly useful for materials that have not been 

extensively studied using L-DED. However, more experimental work on thin wall deposits is 

required to determine the process parameter scalability in other alloy systems beyond the 

AlSi10Mg studied here. However, some features in the single tracks do translate to the bulk 

deposits. The balling and shape irregularity found in the single tracks could be partially responsible 

for the large pores that were seen in the first few layers of the bulk samples. Smaller pores observed 

in the top layers of the deposit can be the result of the higher temperatures in the melt pool leading 

to the evaporation of some of the elements in the powder. These observations indicate that 

achieving optimal build quality may require changing the processing parameters during the 

deposition process. Further, studying single tracks provides insight into the interaction between 

deposited material and the substrate, which is important for repair applications or improving the 

initial layers of a build. 

4.4.4. Microstructure and mechanical behavior of block deposits 

Using the optimal thin wall processing conditions, we show that it is possible to deposit 

AlSi10Mg blocks with minimal porosity and minimal microstructural and mechanical property 

variation throughout the build. The block deposits display a cellular microstructure (Figure 4.8), 

which results from the interaction between the phase transformation behavior of AlSi10Mg and 

the nonequilibrium nature of the AM process. Unlike the microstructure of cast Al-Si alloys, where 

Si particles have needle- or rod-like morphologies in the Al matrix [107], these samples show that 

very fine Si particles form into a Si/α eutectic cellular network. The microstructure formed in 
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samples deposited with L-DED is similar to what has been observed in AlSi10Mg samples 

processed in PBF [12]. The high cooling rate associated with AM processes increases the solubility 

of Si in the Al matrix; however, as the matrix solidifies, it rejects extra Si into the liquid. The 

solubility of Si will continue to decrease when the remaining liquid cools down, leading to 

rejection of more Si to the solidified front. This results in islands of Si-rich eutectic regions along 

the cell boundaries when the liquid finally solidifies [108]. Rapid solidification of eutectic or 

hypoeutectic Al-Si alloy results in an increased concentration of primary Si in the Al matrix as the 

solidification velocity increases [10]. The solute concentration of Si in the Al liquid is affected by 

the cooling rate and the diffusion rate of Si, which can be controlled by the process parameters 

[12,108].  

The primary strengthening mechanisms in AlSi10Mg are solid solution strengthening and 

precipitation hardening [109]. Mg2Si precipitation allows this alloy matrix to be age hardened 

without compromising other mechanical properties [83]. The layer-by-layer deposition nature of 

LENS® processing acts as a heat treatment to let Mg2Si phases be formed and stabilized in layers 

close to the substrate. As Zheng et al. showed, the bottom layers of a LENS® deposit are exposed 

to repeated heating cycles as subsequent layers are being deposited, leading to exposure of the first 

few layers to precipitation-forming temperatures for a relatively long time [105]. The elevated 

temperatures that develop in the first few layers of the deposits help to stabilize the Mg2Si phase. 

The EDS results (Figure 4.7) show a high concentration of Si in the cell boundaries as well as an 

even distribution of Mg in the sample. With the resolution of EDS, it is not possible to distinguish 

Mg2Si directly. However, XRD results (see Figure 4.6) show the presence of the Mg2Si phase in 

the bulk sample, which confirms that LENS® processing can precipitate this phase without 

requiring any postprocessing heat treatments.  
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The micrographs in Figure 4.10 show the presence of different types of porosity in the 

blocks. Pores, in AM, are divided into two main categories: irregular pores and spherical pores. 

Irregularly shaped pores are typically larger than 100 μm in size and are often the result of lack of 

fusion/bonding/melting, shrinkage, and material feed shortages that can usually be seen on the 

border of tracks [6,104]. Spherical pores are usually smaller than 100 μm and mostly seen in the 

middle of molten tracks. These pores are the result of material vaporization, entrapped gas, or 

Marangoni turbulence in the melt pool [104]. In this study, the pores in the layers closer to the 

substrate were mostly due to lack of fusion, or an insufficient hatch overlap (Figure 4.10 (a)), while 

the smaller pores in the layers farther from the substrate are likely the result of entrapped gas in 

the sample (Figure 4.10 (c)).  

The average microhardness and tensile strength of the samples in this study are higher than 

those for cast samples but lower than those for samples processed by PBF [86], see Table 4.1. This 

is a consequence of having smaller cell and grain sizes in the AM parts compared to cast samples, 

which increases the total yield strength of the samples according to the Hall-Petch mechanism. 

Alternatively, the mechanical properties are lower than as-built PBF samples, likely due to the 

finer microstructures that are formed in PBF parts due to higher cooling rates [8]. 

The microhardness and yield strength results exhibit a slight change as a function of 

location in the block. Numerous other studies have also shown location dependent microhardness 

values in L-DED samples. For instance, Chen et al. reported an increase in the microhardness value 

going from the substrate to the top of their bulk samples [95], while Lv et al. showed the opposite 

trend [97]. In both studies, the location dependence was attributed to the difference in the cellular 

structure of the bulk samples. The high laser power (1900-3600 W) and the geometry of the 

samples (similar to thin walls) used in these studies resulted in inhomogeneous cellular structures 
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throughout the samples leading to a gradient in the microhardness values. In contrast, by using the 

optimal thin wall processing conditions, we are able to deposit block samples at lower laser power 

(600 W) leading to homogenous microstructures and mechanical properties.  

The grain boundaries play an essential role in providing resistance to dislocation movement 

in a polycrystalline material. In this study, a significant change in the microstructure has not been 

seen, and this suggests that the yield strength in the different locations of the samples should not 

be different. Conversely, it is seen in the AM literature that elongation and tensile strength of 

samples depend on the presence of porosity, especially LoF porosity. LoF porosity acts as a source 

of stress concentration during tensile testing [12,110]. The Si segregation to the cell boundaries, 

as mentioned above, also reduces ductility because Si is a brittle phase. Prashanth et al. 

demonstrated, for instance, that in PBF parts the fracture propagates preferentially along the hatch 

overlap regions, where the brittle Si phase is concentrated [111]. In the current study, the tensile 

specimens that were closest to the substrate exhibit a lower UTS and elongation than the specimens 

from the top of the blocks. This behavior is likely due to the higher number of larger LoF pores 

and the increased Si segregation to cell boundaries observed in the layers closer to the substrate, 

which result in the material being less ductile.  

4.5. Conclusions 

A series of single tracks, thin walls, and block samples were deposited from AlSi10Mg 

powder using the L-DED system. The physical properties of the single tracks, the geometry and 

porosity of thin walls, and the physical and mechanical properties of the block samples were 

investigated. The single track analysis shows that a minimum power of 800 W and a maximum 

scan speed of 10.5 mm/s are required to be able to successfully deposit single tracks with the 

desired shape and morphology. Increasing powder feedrate resulted in an increase in the width, 
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height, and depth of the cross section of the single tracks up to a saturation point. Although single 

track morphology might affect the porosity in the bulk sample, viable single track parameters do 

not necessarily lead to viable thin walls or blocks. New strategies must be developed for scaling 

desired single track features to bulk parts. In fact, thin walls can provide better guidance on proper 

deposition parameters for larger blocks.  

The scalability of optimal thin wall processing parameters was demonstrated by depositing 

block samples under the same conditions. The mechanical behavior of the deposited blocks in this 

study is equivalent to or better than cast materials. Minor inhomogeneity in mechanical behavior 

(ultimate tensile strength and elongation) in the block deposits were observed as a function of 

height within the build. This behavior is related to inhomogeneous microstructural features, 

including porosity and Si/α eutectic formation at the cell boundaries. Only minimal changes in the 

microhardness and yield strength were observed, due to the retention of a fine homogenous 

microstructure after deposition. This study confirms that, although not straightforward, L-DED 

can be used to successfully build AlSi10Mg parts with desirable microstructures and properties.  
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Chapter 5: The Reusability of AlSi10Mg Powder in Directed Energy 

Deposition 
 

Abstract 

Metal additive manufacturing (AM) has emerged as a powerful method of fabricating complex 

parts using a wide range of metal powders. However, large amounts of powder do not fuse to the 

final part and are lost as waste. Powder recycling is essential to make AM processes more 

sustainable. The effect of reusing AlSi10Mg powder in laser directed energy deposition has not 

been well studied, particularly the effect on the powder physical properties and the mechanical 

properties of the final parts. In this work, AlSi10Mg powder has been used for five deposition 

cycles in a directed energy deposition system, and the results show that the act of reusing the 

powder changes the powder morphology, size, and flowability. The elongation and ultimate tensile 

strength of parts deposited using the recycled powder decreases after being reused one time; 

however, no significant change was observed when the powder was used for more than one reuse 

cycle.  

5.1. Introduction 

Metal additive manufacturing (AM) has proven itself capable of producing complex parts 

for a wide range of applications [8]. AM allows for the fabrication of parts with unique 

microstructures and significant geometric complexity compared to conventional metal forming 

techniques. Although based on similar principles, different AM systems make use of different 

powder delivery systems, energy sources, deposition strategies, etc. Powder bed fusion (PBF) 

systems such as selective laser melting (SLM) and laser directed energy deposition (L-DED) 

systems, such as laser engineered net shaping (LENS®) are explained previously.  
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Laser-based metal AM has been employed to process a variety of starting materials such 

as stainless steel, Al alloys, Ti alloys, and Ni-based superalloys [112]. Al alloys are used in many 

industries, from automobiles to aerospace, due to their light weight and high specific strength. 

Although novel methods have been introduced to deposit high strength (7xxx series) Al alloys in 

AM [113,114]. The processing and properties of AlSi10Mg is well documented in both PBF and 

L-DED, demonstrating that metal AM can be a powerful tool for processing AlSi10Mg parts 

[97,115,116].  

Early studies on AM recognized it as a novel method to potentially reduce waste production 

compared to conventional subtractive manufacturing methods by eliminating metal scrap or swarf 

and minimizing the required post-processing steps [117]. However, different studies have shown 

that powder waste during AM can be significant, unless that waste powder itself is recycled 

[118,119]. The material capture efficiency, the ratio between the amount of powder that is used to 

form the final part and the total powder that goes into the system, can be used as a metric to 

determine the amount of waste produced in the AM process [20]. Powder capture efficiency is 

generally reported to be between 3-25% [120], indicating that 75-97% of the powder used during 

AM will go to waste. Although the materials capture efficiency can be adjusted using different 

processing parameters, improving the capture efficiency can sometimes come at the expense of 

the quality of the final part. One method of mitigating the low capture efficiency in AM is through 

powder recycling, taking the waste powder from one build cycle and reusing it for the fabrication 

of other parts. Recycling of waste powder could be critical in decreasing the cost and 

environmental impact of producing AM parts.  

Although a large portion of the powder used in AM does not fuse to the final part, some of 

the particles could be influenced by the laser or the AM process itself. The unused particles have 
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the potential to interact with the laser or other hot surfaces in the chamber and undergo 

morphological changes. Additionally, flowing powder during AM processing could influence the 

surface of the particles, the surface of particles can be affected by the friction between the particles 

themselves and also the friction between the particles and the powder transportation vessel. Several 

studies have been dedicated to understanding the effect of powder reuse on the characteristics of 

the powders themselves and the properties of the final parts. Powder characteristics include, but 

are not limited to, the shape, particle size, size distribution, surface finish, oxidation, and 

contamination on the surface. Terrassa et al. investigated the impact of reusing 316L stainless steel 

powders for nine cycles in L-DED. Compared to parts made from virgin powders, parts made from 

recycled powders exhibited minimal changes in their mechanical properties [43]. Slotwinski et al. 

found that the particle size distribution of stainless steel powder increased after being recycled in 

direct metal laser sintering [121]. Recycling of AlSi10Mg powder in SLM systems has been 

explored in several studies [122–125]. For instance, Tradowsky et al. investigated the influence of 

post-processing and powder recycling and concluded that using recycled powders results in parts 

with a greater number of pores. They attributed the formation of irregularly shaped pores in the 

final parts to formation of an oxide layer on the surface of recycled powder [126]. Most of these 

studies showed that although recycling powder does yield some changes to the particles and 

properties of the final parts, the properties of the final parts are still acceptable for most 

applications. However, the resulting particle size distributions for recycled powders are 

inconsistent between different studies, with some studies observing that recycled powders are 

larger than virgin powders [122], and other studies such as Del Re et al. observing the opposite 

[124]. These contradictions by different authors suggest that there are different factors before and 

during the deposition process that can influence the particle size. To the authors' knowledge, there 
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are no studies focusing on reusing AlSi10Mg powders in L-DED systems. Since L-DED systems 

use a fundamentally different powder delivery system compared to SLM, which is particularly 

sensitive to feedstock particle size, further investigation is required to understand the effect of 

reusing AlSi10Mg powder on the reused powder characteristics and the properties of the final 

builds. To this end, the influence of reusing AlSi10Mg powder during L-DED processing has been 

investigated by consecutively recycling powders for five deposition cycles. The changes in the 

powder morphology, particle size distribution, and flowability through the five reuse and 

deposition cycles was investigated. In addition, mechanical and microstructure analysis was 

performed on the parts deposited with the fresh and recycled powder to assess how the recycling 

process influences the quality of the deposited parts.  

5.2. Materials and Methods 

AlSi10Mg powder with a size range of 45-150 µm was purchased from Valimet. 

Mechanical sieving was used to confirm the size of the AlSi10Mg powder particles. The powders 

were used in a LENS® 1000 workstation system to deposit blocks with dimensions of 3.81 cm x 

1.01 cm x 1.01 cm. Following from the results of our previous work (See Chapter 4), the 

parameters used for deposition were 600 W laser power, 16.9 mm/min scan speed, and 2 RPM 

powder feedrate [116]. Fresh powder (referred to as P0 in this study) was used to deposit blocks 

that are considered as the first cycle (B1 blocks). Powder recovered from the first cycle (P1) that 

was not attached to the final parts were collected and sieved. The sieved powder was used for the 

following cycle (C2) to deposit blocks (B2 blocks) and make P2 powder. The same routine was 

continued for 3 more cycles, making a total of five cycles. A schematic flow chart of the process 

is shown in Figure 5.1. The recommended particle size range for L-DED is between 45 μm and 

150 μm. #325 and #100 mesh sieves were used to remove the particles outside the recommended 
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range. Particles between 46-150 μm were collected and used for the following cycle. All the block 

samples were deposited in a two-week period and the oxygen level was kept at below 20 ppm.  

 
Figure 5.1. Flow chart of the process. Blue arrow indicates the step taken in each cycle; the orange 

arrow indicates the start of a new cycle. 

Particle size and powder morphology were characterized using a FEI Quanta 3D scanning 

electron microscopy (SEM). The particle size (D10, D50, and D90), average aspect ratio (AR50), and 

particle size distribution for each powder was calculated from SEM micrographs. The software 

provided on the Olympus BX53M microscope was used to measure the particle size and AR50. 

Particle size in this study is considered as the equivalent diameter of a spherical particle with the 

same area as the particle captured in the SEM micrographs. AR50 is the ratio between the smallest 

and largest diameter of the particles, where 1 corresponds to a perfect sphere. Span represents the 

width of the particle size distribution and is calculated using the equation 
(𝐷90−𝐷10)

𝐷50
. The flowrate 

of the particles was measured using two different approaches. The first method, referred to as the 

powder feed rate (PFR) method, involves measuring the actual effective flowrate during a 

deposition experiment in units of g/min. In this study, PFR was calculated within the L-DED 

machine during each deposition by measuring the difference in the amount of powder in the hopper 

before and after deposition relative to the duration of the deposition. PFR provides the average 

powder flow rate for the whole deposition experiment. The second method involves measuring the 

powder flowrate using a custom-built funnel method. 50 g of powder was put through a Pyrex 

funnel, and the required time for the powder to flow from the funnel was measured. A Photron 
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SA-Z high-speed camera, operating at 500 fps (frames per second), was used to measure the 

required flow time more accurately. Further details on our custom funnel method can be found in 

a previous publication [127]. X-ray diffraction (XRD) was used to investigate the phase state of 

the powders from different cycles. XRD patterns were acquired using a SmartLab diffractometer 

using Cu Kα radiation. 

The blocks deposited in each cycle were used for density measurements, mechanical 

testing, and microstructure analysis. The dog bone coupons were cut using a Mitsubishi wire 

electrical discharge machine (EDM) model F020S. The dog bone samples have a gauge length of 

10 mm and a thickness of 1 mm, and were cut parallel to the build direction, as shown in the 

schematic in Figure 5.2. Dog bones were polished and used for the tensile testing and density 

analysis. Sample densities in this study were measured in ethanol at room temperature using the 

Archimedes method [93]. Tensile tests were performed on the dog bones using an Instron 8801 

equipped with a 100kN load cell and a video extensometer to resolve axial strain with a nominal 

strain rate of 0.001 s-1. The fracture surfaces of the dog bones after the tensile tests were 

investigated using SEM. A separate piece of the build (referred to here as a microstructure piece) 

was cut from each block to be used for microstructure and microhardness analysis, as shown in 

the schematic in Figure 5.2. Vickers microhardness tests were obtained using a Struers Duramin 5 

instrument by averaging the microhardness value of 50 indents performed with an indent force of 

9.8 N with a 15 s hold. 



 

76 

 

 
Figure 5.2. Schematic of a deposited block showing the geometry and locations of the dog bone 

tensile coupons and microstructure piece used for bulk analysis in this study. 

5.3. Results 

The P0-P4 powders display particles with primarily spherical shaped morphologies, with 

some satellite features formed on their surfaces (Figure 5.3). Additionally, semi-spherical and 

elongated morphologies can be observed in the particles from all the cycles. The AR50 of the 

powders generally decreases with increasing reuse cycle (Figure 5.4 (c)).  Fresh powder (P0) with 

an AR50 = 0.75, has the most spherical particles in this study, while powder from cycle P4 has the 

most non-spherical particles, having an AR50 = 0.61. The particle size (D10, D50, and D90) increases 

with increasing reuse number, as observed in Figure 5.4 (a). The D50 of the virgin powder (P0) 

was less than 80 μm. The D50 increases with increasing powder reuse cycles, with the D50 

becoming larger than 100 μm for cycles C3 and C4 (P3 and P4). Sieving analysis (Figure 5.5) 

reveals that the powders collected after each cycle contain particles larger than 150 µm and smaller 

than 45 µm. On average, 0.11wt. % of the collected particles were smaller than 45 µm, and 0.34 

wt.% were larger than 150 µm for each cycle. The amount of the particles smaller than 45 μm 

decreased with increasing powder reuse cycle. However, the number of particles larger than 150 

μm does not follow an obvious trend with increasing reuse cycle. The span value decreases with 
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increasing reuse cycle, as displayed in Figure 5.4 (b). The particle size distribution narrows as the 

powders are reused, with the span value decreasing from 0.51 in P0 to 0.38 in P4 powder. 

 
Figure 5.3. SEM micrographs displaying the morphology of the a) P0, b) P1, c) P2, d) P3, and e) 

P4 powders. f) XRD patterns of the powders from each reuse cycle. 

 
Figure 5.4. a) Particle size (D10, D50, and D90), b) span, and c) average aspect ratio (AR50) of the 

powders from all the reuse cycles. 
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Figure 5.5. The mass percent of particles smaller than 45 μm and larger than 150 μm found in 

each cycle. 

The morphology of the particles larger than 150 µm collected in different cycles is 

displayed in Figure 5.6. The micrographs of these particles suggest that the particles primarily 

consist of several particles that are fused to each other. However, individual semi-spherical 

particles that are larger than 150 µm are observed as well. In addition, no changes are observed in 

the XRD patterns with increasing powder reuse cycles (Figure 5.3 (f)). No extraneous peaks were 

observed in any of the powder samples as well, confirming that reusing the AlSi10Mg powder 

does not affect the observed phase state and no significant contamination is being introduced 

during the recycling process. 
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Figure 5.6. SEM micrographs displaying the morphology of the particles larger than 150 μm 

from powders a) P1, b) P2, c) P3, and d) P4. 

The flowrate measurement results, displayed in Figure 5.7, show that both PFR and the 

customized funnel flowrate measurement techniques show similar flowrate behavior with 

increasing powder reuse cycles. The P0 powder has a flowrate of 9.15 g/s, which is significantly 

higher than the recycled powders (8.08-8.50 g/s). However, no significant change in flowrate was 

observed between powders P1, P2, P3, and P4, indicating that increased reuse cycles do not 

meaningfully impact powder flowability. The flow analysis of the powders in this work show that 

our custom funnel method produces a similar trend in flowability as to what is observed in PFR, 

confirming that our custom funnel measurement is an adequate proxy for observing relative 

changes in flowability during L-DED.  
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Figure 5.7. Flowrate of the powders from the different reuse cycles measured using the modified 

funnel method and the powder feedrate (PRF) method. 

The measured density values (Figure 5.8 (a)) show that the samples are, on average, 99% 

dense compared to the theoretical density (2.68 g/cm3 [45]). Minimal variation in density is 

observed between the blocks fabricated with the P0-P4 powders. Further, the pore morphology in 

the block samples were similar amongst all the cycles, with most of the pores being similar to the 

representative pore displayed in Figure 5.8 (b).  
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Figure 5.8. a) The density of deposited blocks for each cycle, b) representative micrograph of a 

pore observed in a deposited block sample. 

The mechanical properties of the blocks deposited using the P0-P4 powders are displayed 

in Figure 5.9. The highest ultimate tensile strength (UTS) and elongation values in this study are 

329 MPa and 9.7%, respectively, which are observed from the B1 build. However, UTS and 

elongation values do not change significantly between cycles B2-B5. In addition, the yield strength 

in the samples does not change significantly between the five cycles. A similar pattern is observed 

from the microhardness measurements, except for the B3 samples, which shows the lowest 

microhardness value among all the cycles.  
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Figure 5.9. Mechanical properties of the samples deposited for all of the cycles. a) ultimate 

tensile strength (UTS) and elongation. b) yield strength and microhardness. 

5.4. Discussion 

The quality of the final parts in AM is influenced by a wide range of parameters that can 

be controlled directly and indirectly by the user. Among these parameters, powder characteristics 

have a significant indirect influence on the properties. Powder characteristics such as chemical 

composition, morphology, and particle size distribution can affect the AM process and, at the same 

time, the AM process can modify the characteristics of the waste powder. Particle size distribution 

and morphology will influence the flowability and compactibility of the powders, which is 

discussed in more detail later. In this study, it is observed that increasing number of reuse cycles 

results in an increase in the D50 and a decrease in the span and AR50. Santecchia et al. investigated 

the laser-metal powder interaction in SLM and showed that by-products such as condensate and 

spatter formed during the process [128]. In L-DED systems, powders are ejected through the 

nozzles aiming at the substrate, and the laser-powder interaction can be significantly different 

compared to SLM. Haley et al. showed the probability of detecting particles at a specific angle 

from the nozzle after they left the nozzle toward the substrate [129]. Their results suggest that not 

all the particles will be affected by the laser directly; however, they might still be affected by other 
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particles. In PBF, the heat from the melt pool and laser travels through the powder particles, where 

some studies show that the particles are even melted before directly interacting with the laser 

[38,130]. However, heat transfer is significantly lower in a powder bed compared to a bulk sample 

because of the limited physical contact between the powder particles. Heat transfer between the 

particles is minimized in L-DED.  

In both L-DED and PBF, a high-pressure plume forms above the melt pool due to the 

evaporation of metal and the heat generated in the melt pool. This high pressure plume in L-DED 

only allows specific particles to pass the plume barrier and enter the melt pool zone [131]. The 

size, velocity, and trajectory of the particles play a significant role in determining whether a 

particle will enter the melt pool or not. Haley et al. used a high-speed camera and extensive 

modeling to show that some of the particles that interfere with the laser absorb some energy and 

travel away from the melt pool, while others absorb heat and enter the melt pool [102,129]. In 

addition, Shin et al. used a predictive model to show the temperature gradient that powders 

experience after leaving the nozzle [132]. Their results indicate that not all the powder particles 

experience a temperature sufficient to induce melting. Wolff et al. used in-situ X-ray imaging of 

the L-DED process and showed that some particles interfered with the laser before they were able 

to enter the vapor-plasma plume, and they were able to detect a shape-change in those particles 

[131]. During the deposition process, particles that are partially melted by the laser, or other hot 

surfaces, can experience significant morphological changes. Molten or partially molten particles 

can deform or fuse to other particles during a collision. Finer particles are particularly susceptible 

to such an event due to their smaller volumes making significant melting more likely. The 

morphologies of these deformed particles will depend on what the particle experiences after 

melting. Little change in the particle morphology would be expected from particles that experience 
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partial melting but then solidify before landing on the stage. Some of the partially melted particles 

collide and fuse with another particle. Lastly, particles that impact the stage before solidification 

will have highly deformed or non-spherical shapes, with the extent of the change depending on the 

degree of melting and the speed with which the particle impacts the substrate. Our observed 

increase in D50 as a result of the powder reuse process is due to the fact that agglomerates of fused 

particles are often larger than the particles observed in the virgin powder. In addition, the 

lightweight fine particles may fly further into the LENS® chamber and be captured by the filtration 

system. As mentioned earlier, particles smaller than 45 µm and larger than 150 µm can be found 

in each cycle. Additional fine particles can be produced as a result of splashes from the melt pool 

and from satellites breaking off from agglomerated particles during the feeding and deposition 

process. Previous work has reported that particle-particle friction during AM causes the number 

of particles with satellites to be reduced in waste powders [37]. Similar behavior is observed in 

this study, with reused particles having smoother surfaces compared to the virgin powders (Figure 

5.3). However, the number of fine particles (smaller than 45 μm) decreases with increasing reuse 

cycles (Figure 5.5), confirming that as the powder is being reused and subsequently sieved, the 

number of satellites decreases, fine particles are lost in the chamber, and the surface of the particles 

becomes more smooth. Further, large particles (above 150 μm) are formed after every reuse cycle 

as a result of multiple particles fusing together, as shown in Figure 5.6, which further reduces the 

number of fine particles in the powder.  

Numerous studies have emphasized the relationship between the powder physical 

characteristics, the powder flowability, and the properties of the final parts [39,133]. For example, 

our previous work  (see Chapter 2) demonstrated that the morphology of the particles (i.e., AR50) 

influences the initiation of powder flow from a static or compressed condition while D50 influences 
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how well powders maintain their flow after flow has already begun. An inconsistent flow in L-

DED systems such as LENS® can result in brief shortages in available powder at any moment 

during deposition, which can lead to parts with low density and poor properties. The flowrate 

analysis in this work shows that the greatest change in powder flowrate occurs between the P0 

powder and the P1 powder, which are related to the significant changes in the morphology and 

particle size distribution as a result of the L-DED process (Figure 5.4). Our previous work (see 

Chapter 2)  shows that as D50 increases, flowability through nozzles and funnels decreases due to 

the larger particles being confined by a narrow exit diameter [127]. Similarly, increasing span also 

decreases the flowrate due to an increase in fine particles which restrict flow by fitting in between 

larger particles. Conversely, AR50 was shown to not strongly influence the flowrate of powders 

that have already begun to flow. The flowrate of the powder reaches a plateau after two recycling 

cycles (P2 powders), which we attribute to the changes in the span and D50 between the P1-P4 

cycles. In these samples, increasing reuse cycles causes the span to decrease and the D50 to 

increase, which has contradictory influences on the flow, thus preventing significant changes to 

the flow of the powder particles. The result from this work corroborates previous studies by 

showing that the flowrate of the particles is reduced with increasing powder reuse cycles. However, 

in this study, the flowrate reaches a plateau after reusing the powders twice. Besides the change in 

the morphology, size, and span of the particles, no phase change or significant contamination has 

been identified from the powder XRD patterns. 

The relationship between powder recycling, powder flowability, and final part properties 

has been studied before [39,43,124,134]. Seyda et al. showed the relationship between the 

flowability of the particles and the properties of parts processed in AM [39]. However, the previous 

literature is contradictory, with some studies showing that despite changes in morphology after 
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powder reuse, the mechanical properties and density of the samples do not show significant 

variations [43,134]. Conversely, other studies observe changes in the density or mechanical 

properties of samples fabricated with reused powders [124]. However, these changes appear to be 

very material and method dependent. For instance, Tang et al. showed an increase in the flowrate 

and mechanical properties of Ti6Al4V in selective electron beam melting [37]. Similar behavior 

was reported by Seyda et al. [135]. However, others such as Del Re et al. showed a decrease in the 

measured UTS value with increasing reuse cycles in AlSi10Mg made with PBF [124].   

In this current study, no significant change in the microstructure and density of the parts 

has been observed. However, a change was observed in the UTS and elongation values after the 

first reuse cycle. These changes are discussed in more detail below. Consistent powder flowability 

during L-DED is critical to achieve successful builds, as inconsistencies in the flowrate can affect 

the available material in the melt pool, as has been shown by other studies [102]. The excess 

particles resulting from a sudden increase in the flowrate can block the melt pool from accepting 

more particles and block the laser from providing energy into the melt pool [102]. Conversely, a 

shortage of particles due to a low flowrate can increase the chance of pore formation or result in 

undesired build dimensions. A deficiency in the available material can result in large and irregular 

pores that are detrimental to the UTS and elongation properties. However, as Haley et al. showed, 

powder fed systems benefit from a passive stability mechanism that can overcome the changes in 

the flowrate and height build up in different layers during deposition [129]. Nevertheless, changes 

in the mechanical properties are expected if the flow rate is inconsistent during deposition. 

In the current study, the UTS and elongation values decrease after the first reuse cycle, 

which is attributed to the change in flowrate of the powders due to the changes in powder 

morphology. The yield strength and microhardness of the samples from all five cycles do not show 
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any statistically significant differences. It is shown in many AM studies that the UTS and 

elongation values are more sensitive to the presence of the pores in the samples. Conversely, the 

microhardness and yield strength are more related to the grain size suggesting that the changes we 

observe in the UTS and elongation are the result of the porosity inside the samples [136]. Our 

previous work on AlSi10Mg (see Chapter 4) indicates that UTS and elongation are strongly 

influenced by the presence of lack of fusion pores in the build, which can emerge due to poor 

powder flowability [137]. Given the significant decrease in powder flowability after a single reuse 

cycle, the decrease in UTS and elongation in samples B2-B5 is attributed to an increase in the 

number of lack of fusion pores  [116].  

5.5. Conclusions 

The influence of AlSi10Mg powder reuse during laser directed energy deposition (L-DED) 

has been investigated. The characterization of the particles shows that the average particle size 

increases and the particle size distribution narrows with increasing powder reuse cycles. 

Additionally, reused particles exhibited a lower average aspect ratio compared to the virgin 

powder. The changes to powder size and morphology led to a significant change in the flowrate 

after the first two reuse cycles. Minimal changes were observed in the mechanical properties of 

the samples with increasing reuse cycles. However, the ultimate tensile strength and elongation 

experienced a decrease between fresh and 1-time used powder. The change in the ultimate tensile 

strength and elongation is attributed to the change in flowrate that occur during the first two reuse 

cycles. However, the results of this study demonstrate that although recycling AlSi10Mg powder 

does change the powder morphology and particle size, there are only minimal changes to the 

powder flowrate and mechanical properties of the parts. This work indicates that recycling 

AlSi10Mg powder during L-DED does not compromise the properties of the final parts, and 
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therefore could be an effective method of reducing the cost and environmental impact of the L-

DED process. 
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Chapter 6: Fabrication and Microstructure Evolution of Aluminum 

Matrix Composites Processed Using Powder Bed Fusion 
 

Abstract 

Additive manufacturing is a promising technique for processing aluminum matrix composites, 

allowing for parts that have low weight, high strength, tailored microstructures, and complex 

geometries. In this work, gas atomized Al 5083 and cryomilled Al 5083 with 5 wt.% B4C powders 

have been used to process single tracks with different processing parameters using a powder bed 

fusion additive manufacturing technique. The effect of the ceramic reinforcement and processing 

parameters on the morphology and microstructure of the single tracks was investigated. The results 

of this work show that single tracks deposited with gas atomized and aluminum matrix composite 

powders have different melt pool size and morphology. In addition, the samples processed with 

ceramic reinforcements have a location-dependent dispersion of the B4C particles throughout the 

single track. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were employed to investigate the microstructure of the single tracks and confirm the presence of 

the reinforcements.  

6.1. Introduction 

Additive manufacturing (AM), which involves solidifying metal powder in a layer-by-

layer manner, has potential applications in industries such as aerospace, automotive, and medicine 

[138]. AM offers the opportunity to increase design freedom, decrease post-processing steps, and 

reduce production costs. A wide variety of different chemical compositions have been processed 

in AM, including stainless steel [43], aluminum [90], and nickel-based superalloys [79]. Among 

these compositions, Al has attracted extensive attention in the aerospace and automobile industry 

due to its high specific strength and low cost. However, the most common Al alloys used in AM 
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exhibit relatively low strength [114]. High performance Al alloys such as the 7xxx series are 

mostly un-weldable and suffer from hot cracking during AM [139]. However, limited studies have 

focused on the processing of Al 5xxx and 6xxx series in AM [140]. Al 5xxx and 6xxx inherently 

exhibit lower strength compared to high performance Al alloys and significant modification will 

be required in order to improve their mechanical properties. 

One method to improve the mechanical properties of Al is by adding ceramic 

reinforcements to an Al matrix. These aluminum matrix composites (AMCs) have enhanced 

strength due to the ceramic reinforcements while still exhibiting high ductility from the metal 

matrix. Dislocation accumulation around the ceramic reinforcement particles leads to improved 

strength in the composite through the Orowan strengthening mechanism [141]. One of the most 

used alloys in AMC systems is Al 5083, which possesses good weldability, corrosion resistance, 

and formability. The Mn and Cr in Al 5083 precipitate into different phases that will improve the 

mechanical properties [142]. The high hardness of AMC samples makes machining and processing 

of these alloys difficult. Therefore, AM could be employed to manufacture AMCs parts with 

complex geometry that require minimum machining and post processing.  

Previous studies exist on AM of different Al alloys which incorporate a variety of ceramic 

reinforcements, such as TiB2 [89], SiC, MgAl2O4 [143], and Al2O3 [144]. The addition of Al2O3 

to the pure Al matrix in selective laser melting (SLM) resulted in improved yield strength and 

microhardness [144]. Aversa et al. showed that the addition of nano-TiB2 to AlSi10Mg altered the 

laser absorption behavior of the AlSi10Mg matrix, changing the morphology of the deposited 

single tracks and the optimal processing parameters [89].   

B4C has a high melting point, high hardness, and low density [145]. Moreover, the density 

of B4C is close to Al; however, the high cost of B4C has made this ceramic reinforcement less used 
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compared to other reinforcements. A variety of different methods have been used to process B4C 

reinforced Al 5083 alloys such as stir casting, squeeze casting, spray deposition, and powder 

metallurgy [146–148]. It is known that the size, morphology, and amount of B4C reinforcement 

will influence the mechanical properties of wrought Al alloys. For example, Zhang et al. showed 

that increasing the amount of B4C in Al from 5 to 20 wt.% increases the tensile strength while 

decreasing the relative density and ductility [149].   

Cryomilling, which involves milling particles in a slurry of liquid N, has been used 

previously to prepare AMC powders for further powder metallurgical processing. It has been found 

that cryomilling produces a homogeneous distribution of ceramic particles in the Al matrix [75]. 

In addition, cryomilling can produce fine grains through severe plastic deformation and the 

inhibition of recrystallization [150]. Fine grains produced during the cryomilling process usually 

increase the strength at the expense of the ductility. In order to improve the ductility of the fine-

grained Al, different approaches have been investigated. Trimodal composites, which are a mixture 

of fine and coarse grains in the matrix, plus ceramic reinforcements, have demonstrated the 

potential to improve the ductility while maintaining superior strength [151].  

The most common feedstock used in AM is gas atomized (GA) powder, which consists of 

particles with a spherical shape and smooth surfaces. These powders have good flowability and 

often result in parts with fewer defects [152]. Less common feedstocks have also been used for 

AM such as water atomized (WA) powder and milled powder. These powders normally do not 

possess spherical shape and their flowability might be different compared to GA powder. In 

addition, the feasibility of using milled powder in AM has been investigated (see Chapter 3). 

Different studies have demonstrated minimal differences between samples processed in AM using 

milled stainless steel powder compared to GA [63]. Although it has not been extensively 
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investigated, cryomilled powders can be used as starting feedstock in AM. Cryomilled powder has 

a unique morphology resulting from the milling process, often resulting in particles with flattened 

or other non-spherical shapes. The right combination of process control agent and milling duration 

can produce a powder whose morphology is suitable for AM. Han et al. showed that the duration 

of milling could change the morphology of aluminum particles and result in particles with good 

flowability after 20 hrs of milling [67]. Although AMCs using Al 5083 and B4C have been 

extensively studied in more conventional manufacturing processes, to the authors’ knowledge, 

there are no studies in the literature focusing on this combination in AM. In this work, metal AM 

is used to deposit single tracks of Al 5083 GA and Al 5083 + B4C cryomilled powders. The 

influence of the B4C particles and processing parameters on the morphology and size (width, 

depth, and height) of the single tracks has been investigated. The microstructure and the 

precipitates in the single tracks were also analyzed.  

6.2. Materials and characterization 

The Al 5083 GA powder was purchased from TLS Technic GmbH &Co and mechanically 

sieved to acquire particles smaller than 45 µm. The AMC powder was prepared by cryomilling Al 

5083 GA powder (Valimet) with submicron 5 vol.% B4C (U.S. Army Armament Research, 

Development and Engineering Center) and 0.2 wt.% stearic acid (CH3(CH2)16CO2H (Sigma 

Aldric)) as the process control agent. The mixture was milled in liquid N2 for 12 hours, as has been 

described in previous studies [153]. Single tracks were deposited using a laser engineered net 

shaping (LENS®) workstation with a custom powder bed system. A thin layer of powder (150 µm) 

was spread on an Al 6061 substrate. Single tracks were processed using different scan speeds and 

laser powers, as summarized in Table 6.1. Three single tracks were deposited using each of the 

processing parameter combinations. The morphology of the single tracks was visually inspected 
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and characterized using an Olympus BX533M optical microscope (OM), with the intent of 

identifying the physical differences between single tracks deposited with GA and AMC powders. 

The single tracks were cross sectioned in three different location along the track using a Mitsubishi 

model F020S wire electrical discharge machining (EDM) system. Cross-sections were polished 

metallographically with silicon carbide paper down to 1200 grit followed by polishing down to 1 

µm using diamond suspension. Final polishing was performed using a vibratory polisher with 0.05 

µm silica suspension. A FEI Quanta 3D scanning electron microscope (SEM) equipped with a 

backscattered electron detector (BSE) was used to analyze the morphology of the powders and the 

microstructure of the single track cross-section samples. Transmission electron microscopy (TEM) 

foil specimens were prepared using the focused ion beam (FIB) lift out process on the FEI SEM. 

The microstructure, elemental configuration, and phase composition of the foil specimens were 

examined using a JEOL TEM 2800 equipped with an energy-dispersive X-ray spectroscopy (EDS) 

detector. Phase analysis of the GA and AMC powders was performed using X-ray diffraction 

(XRD) with a Rigaku SmartLab diffractometer using a Cu Kα radiation source.  

Table 6.1. The processing parameters used for deposition of the single tracks.  
Laser power (W) Scan speed (mm/s) VED (J/mm3) 

1 680 4.2 432 

2 780 4.2 498 

3 880 4.2 557 

4 880  10.5 221 

 

Volumetric energy density (VED) (J/mm3) can be used to correlate the morphology of the 

deposited single tracks to the processing parameters. VED is a metric that assesses the energy 

delivered to the single track as a function of laser parameters, scan speed, and powder bed thickness 

[154]. VED is expressed in Equation 1: 
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Equation 1     VED =
P

ϑσt
 [

J

mm3
] 

VED is defined as the ratio between laser power (P) and the product of the laser scan speed 

(𝜗), the diameter of the laser beam (𝜎), and the thickness of the powder layer (t). The calculated 

value for each set of deposition parameters is summarized in Table 6.1. 

6.3. Results 

GA and AMC powders exhibit different morphologies, as displayed in Figure 6.1 (a) and 

(b), respectively. As expected, the GA particles exhibit spherical shapes and smooth surfaces. 

Alternatively, the  AMC particles show non-spherical shapes with rough surfaces due to the milling 

process (Figure 6.1 (b)). The XRD pattern of the GA powder displays only the presence of Al 

while the AMC powder XRD pattern shows the same primary peaks as the GA powder with the 

peaks corresponding to B4C, as seen in Figure 6.1 (c). Milling the AMC powder does not change 

the phases present in the Al matrix.  
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Figure 6.1. a) SEM micrograph of the GA particles. b) SEM micrograph of the AMC particles. c) 

XRD patterns of GA and AMC powders. (GA= gas atomized; AMC= aluminum matrix 

composite). 

The morphology and the cross-section dimensions of single tracks can provide valuable 

information about the processability and behavior of the printed material, which can in turn provide 

insight into the properties of the final printed parts. The ideal morphology of a single track is a 

semi-cylindrical continuous shape that is attached to the substrate. Although our single tracks 

display a variety of shapes and morphologies, as seen in Figure 6.2, some similarities were 
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observed between single tracks deposited with GA and AMC powders. As expected, the changes 

in the morphology of the single tracks are linked to the processing parameters. GA and AMC single 

tracks deposited with 4.2 mm/s scan speed and 680 W laser power do not exhibit a continuous 

shape, and beads are observable throughout the track. However, increasing the laser power resulted 

in both sets of the single tracks having smoother surfaces and greater consistency, regardless of 

which powder feedstock was used. In fact, at higher powers (880 W), both sets of single tracks are 

continuous. The single tracks deposited with 10.2 mm/s and 880 W show more continuous shapes, 

indicating that increasing the scan speed results in single tracks with more smooth surfaces.  

 
Figure 6.2. SEM micrographs of the GA and AMC single track cross-sections along with the 

corresponding optical micrographs displaying the overall morphology of the single tracks made 

using different VED values. (GA= gas atomized; AMC= aluminum matrix composite; VED= 

volumetric energy density). 

The single tracks processed with GA powders display rounded or oval shaped cross-

sections, while the AMC based single tracks display more flat or lens shaped cross-sections. The 

depth and width of single tracks cross-section were very similar in both GA and AMC samples. 

However, that is not the case for the height of the cross-sections, which are displayed in Figure 6.3 
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(a). Laser power and scan speed influence the height of single tracks differently depending on 

whether GA or AMC powders are used. The height of single tracks deposited with GA powder 

decreased with increasing laser power and increasing scan speed. Conversely, the height of single 

tracks deposited with AMC powders increased with increasing laser power and had minimal 

response to increasing scan speed. The overall change in the height of single tracks deposited with 

GA powder is more significant compared to the single tracks deposited with AMC powder.  

 
Figure 6.3. a) The height and b) dilution of single tracks deposited with GA and AMC powder 

made using different scan speed and laser power values. (GA= gas atomized; AMC= aluminum 

matrix composite).  

Dilution is another important single track parameter that can determine the characteristics 

of the final printed parts. The geometrical definition of dilution is the height of the single track 

divided by the sum of the height and depth. Similar to single track height, laser power and scan 

speed influence the dilution of single tracks differently depending on whether GA or AMC 

powders are used. Looking at the dilution of the GA single tracks (displayed in Figure 6.3 (b)), 

increasing the laser power from 680 W to 780 W results in minimal change to the dilution ratio. 

However, increasing the laser power to 880 W significantly decreases the dilution ratio. Also, 

dilution decreased when the laser power was kept constant (880 W) and the scan speed was 
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increased. The opposite behavior was observed in single tracks deposited with AMC powder, the 

dilution value increased when the scan speed was kept constant and the laser power was increased, 

Additionally, the dilution value increases when the laser power is constant (880 W) and the scan 

speed is increased. Additionally, GA single tracks display overall greater heights and larger 

dilution ratios than AMC single tracks when processed at 4.2 mm/s, regardless of laser power. 

However, increasing the scan speed to 10.5 mm/s results in an AMC track with a greater height 

and larger dilution ratio than the equivalently processed GA track (Figure 6.3 (a) and (b)). It is 

important to note that there is a significant amount of variance in the measured height and dilution 

values, making it challenging to completely deconvolute the influence of processing parameters 

on sample geometry. 

The microstructure of the single tracks displays a variety of features. Some porosity, mostly 

small circular pores, are observed in the single tracks deposited with GA and AMC powder. Pores 

in AM are divided into two main categories: small regular pores and large irregular pores. Small 

pores are usually the result of gas entrapment in the deposition process or from the feedstock 

powder, while large irregular shaped pores are the result of using insufficient laser energy during 

deposition. Single tracks deposited with AMC powder showed rod-shaped features that possess a 

range of sizes and are irregularly dispersed in the single tracks. Figure 6.4. (a) displays the diversity 

in microstructures found in the AMC single track samples. Three different regions are observed in 

the samples. These regions include: regions with a homogeneous dispersion of fine precipitates 

(denoted with a blue oval), regions with large elongated precipitates (denoted with red ovals), and 

the heat-affected zone (denoted with a green box in Figure 6.4. (a)) which lacks precipitates. This 

pattern was observed in all the AMC single tracks; however, the region of fine precipitates 

becomes smaller in the single tracks deposited with the lowest VED value. The number of rod-
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shaped precipitates larger than 10 µm (measured along their length) is higher in single tracks 

deposited with the lowest VED value, as seen in Figure 6.4. (b). The majority of the rod-shaped 

precipitates in the samples with higher VED values were smaller than 10 µm.  

 
Figure 6.4. a) SEM micrograph of a single track made with AMC powder (deposited with 4.2 

mm/s and 680 W). The distribution of the rod-shaped features is highlighted. The green frame 

highlights the heat-affected zone, the red frame highlights a region with larger rods, and the blue 

frame highlights a region with fine features. A pore is shown with a yellow arrow. b) the size 

distribution of the rod-shape features versus the cumulative number of the precipitates for AMC 

single tracks processed at the listed VED values. (AMC= aluminum matrix composites; VED= 

volumetric energy density). 

TEM samples have been prepared to analyze the microstructure as well as the phase and 

elemental distribution of the single tracks. The TEM micrographs and the diffraction patterns from 

GA and AMC deposited samples are shown in Figure 6.5. The matrix of both GA and AMC based 

samples display Al diffraction patterns. Some precipitates and dislocations are observed in the GA 

samples (Figure 6.5. (a)). Fine precipitates and rod-shaped features are observed in the AMC 

samples (Figure 6.5 (b)). The diffraction pattern of the rod confirms the presence of B4C. 

Additionally, a high density of dislocations is observed in the AMC samples, with the regions 
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around the precipitates and rod-shaped features being particularly rich in dislocations. EDS 

analysis indicates that the fine precipitates in the AMC samples are rich in B and C with some 

segregation of Fe around the edges (Figure 6.6). The fine precipitates are noticeably deficient in 

Al. The rod-shaped features in the AMC-based single tracks are observed to have one of two 

different chemical compositions, as seen in the EDS maps in Figure 6.7. Some of the rod-shaped 

precipitates possess the expected B and C rich composition. However, other rod precipitates are 

rich in metals, primarily Cr, Mn, Mg, and Fe. The EDS analysis of the GA samples shows 

segregation in Fe, O, Co, Cu, and Mg (Figure 6.8). 
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Figure 6.5. TEM micrographs of a) a GA single track sample with the diffraction pattern indicating 

polycrystalline Al. b) An AMC single track sample with the diffraction pattern of the rod-shaped 

precipitate indicating a B4C structure. The diffraction pattern of the matrix displays the expected 

Al structure. (GA= gas atomized; AMC= aluminum matrix composites). 
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Figure 6.6. EDS elemental maps of a fine precipitate in an AMC single track sample. The 

precipitate is rich in B and C and depleted in Al. Some Fe segregation around the particle is 

observed. (AMC=aluminum matric composites). 

 
Figure 6.7. EDS elemental maps of some rod-shaped precipitates in an AMC single track 

sample. One rod is rich in B and C, while the other rod is rich in Mg, Cr, and Mn. Some 

segregation of Fe can be observed along the rods as well. (AMC=aluminum matric composites). 
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Figure 6.8. EDS elemental map of precipitates in a GA single track samples. Segregation of Fe, 

Co, Mg, and Cu is observed. (GA= gas atomized). 

6.4. Discussion 

Particle flowability is significantly influenced by particle shape and morphology, with 

highly flowability particles being most desirable for use in AM. For example, GA powder is widely 

used in AM due to its high flowability as a result of its spherical shape and narrow particle size 

distribution. However, the limitations in production of GA powders have stimulated studies on the 

flowability of non-spherical powders such as WA or milled powders. In Chapter 2, the relationship 

between the powder morphology and flowability was studied, finding that the morphology of WA 

particles lead to particles interlocking with each other and requiring more energy to initiate the 

flow [127]. Processing AMC powders involves incorporating two different powders with very 

different particle sizes and behavior. Hence, cryomilling was used to improve the distribution of 

B4C in the Al matrix. Cryomilling leads to attachment and entrapment of the ceramic 

reinforcements into the matrix particles. However, as is shown in Figure 6.1 (b), the non-spherical 

morphology of the milled powder is different from the GA particles. Numerous studies have 
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investigated using non-spherical particles such as WA powder in AM [155–157], finding that there 

are only minor differences between samples deposited with GA and WA powders. In addition, 

Fullenwider investigated using milled stainless steel powder in AM [25], revealing that there is no 

significant difference between single tracks deposited with milled and GA powders. Despite the 

differences in morphology in the current study, the XRD patterns of the GA and AMC powders 

are similar to each other except for the presence of B4C peaks in the AMC powder. The similarity 

in the XRD patterns of the two powders indicates that cryomilling does not significantly impact 

the bulk phase state of the AMC powder. 

The morphology and cross-sections of the GA and AMC single tracks presented in Figure 

6.2 display several key similarities. Both sets of cross-sections are ovular or lenticular in shape 

with no signs of keyholing. Pores were also observed in both sets of single tracks. The pores in 

our samples are small and circular and are the result of evaporation of the different elements in the 

melt pool. However, the morphology of the AMC single tracks displays smoother surfaces than 

GA single tracks. Additionally, balling has been observed mostly in the samples made with GA 

powders. Balling is the formation of individual balls of material that have minimal wetting to the 

substrate or the rest of the track. The differences between the GA and AMC single tracks can be 

attributed to the differences in the powder characteristics such as morphology and size distribution. 

The change in the morphology of the particles can alter the flowability and compaction of the 

particles as well as the interaction between the particles and the laser. Scipioni Bertoli et al. 

investigated the laser absorption of WA and GA powders and showed that the laser absorption in 

WA powder is higher due to the irregular shape of the particles [38]. A reduced height in multi-

layer wall builds has also been observed when WA powder is used during deposition instead of 
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GA powder [157]. Also, Mahmood et al. used swarf materials to deposit in laser directed energy 

deposition and found that the melt pool is hotter compared to deposition with GA powder [53].   

Samples processed with the lowest VED values have the smoothest surfaces in both sets 

of samples. However, the height and dilution of the single tracks does not show a strong trend with 

VED, regardless of which powder is used for the deposit. There are numerous studies 

demonstrating the relationship between single track properties and VED. However, Scipioni 

Bertoli et al. showed that VED could not directly predict the properties of single tracks [100]. In 

addition, Kiani et al. showed that other metrics, such as linear energy densities could not determine 

the properties of the single tracks as well [137]. Other studies relate the height and dilution of the 

tracks to the cooling rate and melt pool temperature instead of VED. Work by Farshidianfar et al. 

showed that dilution exhibits a strong correlation with the cooling rate of the melt pool in single 

tracks, with higher dilution values indicating higher cooling rates [158]. The change in the dilution 

and height of our tracks can be explained better when considering the scan speed and laser power 

separately. In fact, the change in the height of the single tracks is attributed to change in the melt 

pool temperature, cooling rate, and available materials. Increasing the laser power while keeping 

the scan speed constant increases the melt pool temperature. Although the laser power and scan 

speed used to deposit both sets of single tracks are the same, the size and morphology of the single 

tracks show a different behavior between the AMC and GA samples. For example, the height of 

the GA single tracks is greater overall than the AMC tracks, except when the tracks are processed 

at 10.5 mm/s. Also, in GA samples the dilution is higher at the lower scan speed (Figure 6.3 (b)) 

compared to the dilution of the single track deposited with higher scan speed. The significant 

differences in single track morphology imply that there are differences in the melt pool temperature 

and behavior between GA and AMC samples.  
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Many factors can play a role in the formation of the different morphologies found in our 

single tracks. The difference in the size of the melt pool between GA and AMC can be due to 

presence of powders with different morphologies and ceramic reinforcements that can lead to a 

non-uniform temperature in the melt pool. The absorption of the laser by the particles of the matrix 

and the reinforcements is different and that can affect the local temperature of the melt pool leading 

to changes in the dynamics of the melt pool. Aversa et al. showed that in SLM of AlSi10Mg single 

tracks, the addition of 1 wt. % nano-TiB2 can significantly influence the laser absorption of the 

powder and consequently the morphology of the single tracks [89]. As was mentioned earlier, the 

morphology of the cryomilled powder may also lead to increased absorption of the laser energy, 

leading to higher melt pool temperature during deposition. The ceramic reinforcements in our 

AMC powders will absorb more energy from the laser than the matrix, resulting in changes in the 

local temperature of the melt pool. Al reflects a significant amount of energy from the laser beam 

while B4C will absorb a significant amount of energy. The amount of energy absorbed by different 

particles in the melt pool creates a temperature gradient that influences the fluid dynamics and 

surface tension in the melt pool. A Marangoni flow force will be generated due to the surface 

tension variation in the melt pool, and is normally influenced by the local temperature and the 

composition [159]. The difference in the local temperature created by presence of the different 

particle morphologies and the reinforcement particles in the matrix will affect the Marangoni flow 

in the melt pool. We therefore attribute the differences in the morphology of the GA and AMC 

single tracks to the non-uniform temperature and Maragoni flow effects in the melt pool.   

A variety of different microstructural features are observed in the single tracks deposited 

with AMC powder (Figure 6.4). Figure 6.4 (b) shows that the size of the rod-shaped precipitates 

is influenced by the scan speed, with the rod-shaped features being larger in the samples with the 
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highest scan speed. The highest scan speed in this study is also the sample with the lowest VED, 

while the other three samples are all deposited with the same scan speed and have similar VED 

values (431-557 J/mm3). The behavior of the rod-shaped features is related to the scan speed, 

indicating that it is also related to the temperature of the melt pool and cooling rate. Other studies 

have shown that the higher scan speed usually results in higher cooling rate and lower melt pool 

temperature [160]. The difference in cooling rate and melt pool temperatures along with the 

difference in local temperature can be responsible for the formation of the larger rod-shaped 

particles. In addition, elevated temperatures can affect the morphology and the size of the B4C 

particles. In this study, the rod size is also location specific, with different regions having different 

sized rod-shaped particles. In the melt pool, the temperature and the solidification path are also 

location dependent. The first nucleation in the melt pool usually happens on the existing grains of 

the substrate. The solidification continues as the melt pool cools down, with the top of the melt 

pool being the last part to solidify. The combination of the cooling rate and temperature gradient 

will determine the grain size and solidification structures. The heat-affected zone is the region 

farthest from the top of the melt pool and no rod-shaped features are observed in this region. Fine 

grains are usually observed at the top of the single tracks [8], where we also observe finer rod-

shaped features in the AMC single tracks. Likewise, larger rod-shaped features are observed in 

areas that commonly exhibit larger grains in the melt pool. Similar behavior has been observed by 

Dai et al. who used SLM to process AlN/AlSi10Mg composites and found that the size and 

distribution of the reinforcements were correlated with the linear energy density (𝑃 /𝜗)  [161]. In 

the same work, they showed that the presence of oxides in the melt pool could influence the 

direction of the Marangoni flow and reduce the surface tension in the melt pool.  
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There are several types of precipitates that are observed in heat-treated Al 5083 samples; 

including MgAl2, Mg2Si, Mg2Al3, Cr2Mg3Al18, (Fe, Cr)3SiAl12, MnAl6, Al12Mg2(CrMnFe), 

CuMg5Si4Al4, and Cu2Mg8Si6Al5 [142]. Our EDS maps display Fe, Co, Mg, and Cu segregation 

in the GA samples (Figure 6.8), suggesting the formation of some precipitates. However, our GA 

single tracks were not heat treated and most of these precipitates would not be expected to form in 

the as-deposited single tracks. On the other hand, the EDS map in Figure 6.7 shows that the 

segregation of different elements, such as Mn, Mg, Fe, and Cr, in the AMC samples are larger and 

greater in number than in the GA samples. Some of these elements can be found in the Al 5083 

powder itself. We also attribute the metal segregation to stainless steel contamination acquired by 

the AMC powder during the cryomilling process. During cryomilling, Al particles are impacted 

between stainless steel balls or against the sides of the stainless steel jar. Some amount of steel 

contamination is, therefore, expected during the milling process.  

Although the melting temperature of B4C is above 2700 °C, B4C is known to be highly 

reactive with liquid Al [162]. Different intermetallic components can be formed between Al and 

B4C, such as Al4C3, Al2BC, AlB12, Al3BC, AlB2 even at temperatures as low as 627 °C. B4C, AlB2, 

Al3BC, and Al are also in thermodynamic equilibrium at room temperature. However, the short 

interaction time between the laser and powder makes AM an inherently metastable process, 

allowing for some equilibrium phases to be avoided. Scan speed and laser power will influence 

the cooling rate, the temperature gradient, and the peak temperature in the melt pool. In fact, the 

cooling rate and temperature gradient are location dependent, being different in different parts of 

the melt pool [163–165]. The variation of cooling rate and temperature gradient in the melt pool 

can result in the formation of different intermetallic components in the Al-B-C system being 

formed in different parts of the single track. EDS maps of the finer precipitates indicate that they 
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are depleted of Al and rich in B and C, suggesting the presence of B4C. The rod-shaped precipitates 

are mostly rich in B and C and depleted in Al; however, some of the rods are rich in other 

precipitates, as displayed in Figure 6.7. In addition, the diffraction patterns of the rod-shaped 

precipitates indicate that they possess a B4C crystal structure. The location of the larger rod-shaped 

precipitates suggests that these precipitates form in lower cooling rate regions in the melt pool, 

whereas in the higher cooling rate regions, finer B4C particles are more favorable. In order to fully 

understand the phases and chemical segregation observed in the single tracks deposited with AMC 

powder more work is need. The future work on this project can shed light on the mechanisms that 

were responsible for chemical segregations formation.  

6.5. Conclusions 

Adding ceramic reinforcements to an Al matrix can improve its mechanical properties. 

However, conventional processing and machining of aluminum matrix composites (AMCs) can 

be difficult. Instead, AM could be a viable method for producing AMC parts with complex 

geometries. In this study, Al-B4C AMC powders were prepared using cryomilling. Single tracks 

of these AMC powders were deposited using a customized powder bed system. Single tracks using 

gas atomized (GA) powder were also deposited for comparison. The morphology and 

microstructure of the single tracks were investigated, and the following conclusions were drawn.  

- Single tracks with Al 5083 AMC and GA powder were successfully deposited. Differences 

in the morphology, height of the single tracks, and dilution occur due to the variation in the 

morphology of the AMC and GA powders and the presence of the B4C particles in the 

AMC powder. Besides the morphological differences, few pores were observed in the 

cross-sections of the single tracks.  
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- Rod-shaped features were observed in the single tracks processed with AMC powder. The 

size of these features is related to the volumetric energy density (VED) used in the 

processing of the single tracks, with lower VED values resulting in larger features. 

Variation in the size of these features was observed in every single track. This variation 

can be due to the different local temperatures and cooling rates in the single tracks.  

- The GA and AMC single track samples exhibit different precipitates with unique 

chemistries and morphologies. In general, precipitates in AMC samples are divided into 

two categories: 1) precipitates rich in B and C, and 2) precipitates rich in Cr, Mn, and Mg. 

The diffraction patterns confirmed the presence of B4C in some of the precipitates. The 

second category of the precipitates are from intermetallic components that form as a result 

of the degradation of B4C in Al, as well as contamination from the cryomilling process.  
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Chapter 7: Conclusions and Suggestions for Future Work 
 

7.1. Summary and conclusions  

Additive manufacturing (AM) of metallic alloys has been explored in many scientific 

studies, typically with a focus on understanding how to tailor the microstructure and mechanical 

properties for specific applications. Powder bed fusion (PBF) and laser directed energy deposition 

(L-DED) are both established methods in the AM industry. These methods use a high energy laser 

to melt the powder particles in a layer-by-layer manner. Although the effort has been made to 

understand the relationship between the processing parameters in AM (PBF and L-DED) and part 

properties, there is a critical knowledge gap related to how the properties of the starting feedstock 

powder  influence the final part properties. Gas atomized (GA) powder is one of the most used and 

investigated feedstocks in AM. The spherical morphology and particle size distribution of GA 

powders are believed to contribute to the quality of the parts. However, the relationship between 

the powder characteristics and the flow has not been extensively investigated. Chapter 2 of this 

dissertation focused on exploring the relationship between metal powder characteristics, such as 

morphology and particle size, with the flowability. Six different powders with different size 

ranges, morphologies, and chemical compositions were investigated using three different powder 

flowability testing systems. The results showed that different characteristics, such as average 

particle diameter or the aspect ratio, will play a significant role in various aspects of powder 

flowability. The results in Chapter 2 illustrate that although particles can be produced through the 

same process, they might show very different flowability behavior. In addition, the results 

indicated that the particle morphology plays an essential role in the initiation of flow from a static 

condition. In contrast, the particle size is critical in how well the flow is maintained after initiation.  
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Gas atomization powder synthesis can be an expensive process, therefore, leading to 

considerable research into finding viable alternative powder feedstock sources for AM. Chapter 3 

focused on the preparation of novel feedstock powders for AM to reduce the cost of powder 

production and introducing new methods to recycle Al waste. For this study, waste materials were 

collected from other AM facilities and then processed using planetary ball milling and cryomilling 

to produce a powder with a size and shape suitable for AM. In the planetary ball milling 

experiment, larger size balls were shown to increase the impact of the particles and to be more 

effective in the size reduction process. Also, continuing ball milling for an extended amount of 

time resulted in high yield (particles in the desired size) and semi-spherical shaped particles. In the 

cryomilling process, the increased ball-to-powder ratio and using cryogenic liquid were effectively 

used to reduce the milling duration. The results demonstrated that high yield was achieved using 

larger size balls and a lower amount of process control agent.  

Chapter 4 focused on processing one of the most popular Al alloys (AlSi10Mg) in AM 

using L-DED. Single tracks are typically used as an indicator of bulk deposition; their properties 

are normally considered translatable to the bulk deposition. However, depositing AlSi10Mg in the 

L-DED system demonstrated that the single tracks are not scalable to bulk deposition. The results 

indicated that the properties of single tracks and bulk samples deposited with similar processing 

parameters are significantly different, meaning that optimal single track deposition parameters will 

not always yield viable bulk parts. It was found that successful thin wall deposition parameters are 

a better indicator of block sample’s properties than single tracks. From this investigation, a 

processing map was developed for the deposition of the single tracks and thin walls using L-DED 

systems. Fully dense blocks were successfully deposited using the processing parameter map 

developed based on thin wall deposition. In addition, the mechanical properties of the blocks 
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showed a minimal change in the strength and hardness along the build direction, indicating that 

the parameters that were adopted from thin wall deposition led to uniform properties in the blocks.  

The powder capture efficiency of the AM systems is very low, which results in the 

production of a high amount of waste. A significantly large portion of powder used to deposit in 

AM is not going to fuse and form the final parts and requires further processing to be reused in 

AM. In addition, powder reuse may influence the powder properties and the quality of the final 

parts. Chapter 5 focused on understanding the influence of powder reuse on the powder 

characteristics and the properties of the final AM parts properties. AlSi10Mg powder was reused 

for four cycles, and the mechanical properties of the bulk samples and morphological features of 

the powders were investigated. The results indicated that as the powder is being reused, the average 

particle size increases and the particle size distribution narrows. However, the flowability of the 

powder does not significantly change with powder reuse. The mechanical properties of the samples 

deposited in different cycles exhibited minimal changes as well.  

The most common Al alloys used in AM inherently have lower strength compared to high-

strength Al alloys. Ceramic reinforcements can be added to Al alloys to improve their mechanical 

properties. In Chapter 6, we used aluminum matrix composite powders to deposit single tracks in 

AM. The aluminum matrix composites are produced by cryomilling Al 5083 powder with B4C 

particles for 8 hours. The effect of processing parameters on the morphology and geometry of the 

single tracks indicated that gas atomized powder without ceramic additions showed slight 

variations in track height and flatness compared to single tracks deposited with B4C particles 

embedded in the starting material. The microstructure, especially the chemical segregation and 

secondary phase formation, was also different in the single tracks deposited with GA powder 

compared those made with aluminum metal matrix composite powder.  
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7.2. Future work 

Portions of the work presented in this dissertation are part of ongoing projects. For 

example, the investigation on the use of alternative feedstock in additive manufacturing presented 

in Chapter 3 is not yet complete. The future effort on this project will include the production of 

enough powder to be used in the LENS® system to print parts and to understand the effect of 

powder preparation methods on the flowrate of the powder and the final properties of the parts. As 

mentioned in Chapter 2, the particle morphology and size influence the powder flow, and 

consequently, the properties of the part. In addition, some studies have shown that powders with 

fine particle sizes will react differently in the melt pool and may serve as a nucleation point to 

form finer grains in the printed parts. The microstructure analysis of the parts can show the 

differences in the grain size and cell structure of the AlSi10Mg parts printed using waste materials. 

Understanding the role of processing parameters in tailoring the properties of the powders is 

essential as well. Although the chemical composition of the milled powder and GA powder is the 

same, the morphology of the particles may affect their interaction with the laser. In addition to the 

morphology, the surface chemistry of the powder particles can change their behavior in the melt 

pool. Different techniques such as X-ray photoelectron spectroscopy and TEM can be used to 

investigate the surface chemistry of powders produced by milling and their impact on the 

microstructure. High-speed photography could be used to investigate how powders with various 

morphologies interact with the laser in the melt pool.  

Although the feasibility of printing single tracks using aluminum matrix composites is 

investigated in Chapter 6, the impact of the ceramic reinforcements on the mechanical properties 

and microstructure of the builds has not been extensively investigated. Ceramic reinforcements 

alter the dynamics of the melt pool, which can change the microstructure and properties of the 
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parts printed using AM. In addition, the amount of these additives and their composition can 

significantly affect the part properties. Future work on the aluminum matrix composites project 

includes the deposition of blocks with different amounts of B4C reinforcements in order to 

understand the effect these reinforcements have on the microstructure and mechanical properties 

of the parts. In addition, B4C and other ceramic reinforcements tend to agglomerate in the melt 

pool, leading to inhomogeneity in the melt pool that may affect the properties significantly. 

Different microscopy techniques, such as SEM and TEM, can be used to investigate the 

distribution of the ceramic reinforcements and identify the intermetallic phases that form during 

deposition.  

Efforts have been made to improve the mechanical properties of additively manufactured 

aluminum alloys parts. These efforts mostly include tailoring the processing parameters or addition 

of different elements to modify the microstructure. However, the Al alloys that were used in most 

of these studies were selected based on conventional manufacturing processes. ThermoCalc and 

CALPHAD can be employed to design a set of Al alloys specifically for additive manufacturing. 

Atomization facilities at UC Irvine provide a unique opportunity to prepare customized gas 

atomized powder that then could be used in AM. High resolution microscopy such as TEM can be 

used to confirm the formation of the desired phases. Mechanical testing and microstructure 

analysis could be used to validate whether the higher strength compared to more conventional Al 

powder has been achieved.  
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