
 

 

 

 

 

 

 

 

 

Copyright 

by 

Christopher Eli Roberts 

2016 

 

 



The Thesis Committee for Christopher Eli Roberts 
Certifies that this is the approved version of the following thesis: 

 
 

Selective Laser Melting of Elemental Aluminum Silicon Mixtures 
 
 
 
 
 
 

 

 

APPROVED BY 
SUPERVISING COMMITTEE: 

 

 

 
David L. Bourell 

Eric Taleff 

 

  

Supervisor: 



Selective Laser Melting of Elemental Aluminum Silicon Mixtures 

 

 

by 

Christopher Eli Roberts, B.M.E. 

 

 

Thesis 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Engineering 

 

The University of Texas at Austin 
December 2016 



 Dedication 

 

I would like to dedicate this thesis to my family who has shown me an incredible amount 

of support throughout my life.  

 

I dedicate this thesis to my parents who have shown me the importance of hard work and 

have generously given their time, finances, and support so that my brother and I could 

pursue our dreams. You have taught me the importance of steadfast character and 

reliance on God and made me the person I am today.  

 

To my grandparents who have encouraged all of their grandchildren to be the best that 

they could be and ensured that finances would not keep us from pursuing a premier 

education.  

 

To my brother, Matthew Roberts, for reminding me to relax and that perfectionism is not 

always the goal. 

 

To my sister-in-law, Dr. Caitlyn Roberts, for well timed encouragement and endless 

hours proof reading papers. 

 

Above all, keep loving one another earnestly, since love covers a multitude of sins. Show 

hospitality to one another without grumbling. As each has received a gift, use it to serve 

one another, as good stewards of God's varied grace: 

(1 Peter 4:8-10 ESV)  



 v 

Acknowledgements 

 

I would like to acknowledge Dr. Bourell for his endless patience and open door. 

None of this work would have been possible without your help and guidance. Thank you 

for taking the time out of your busy schedule to listen and to guide. 

I would also like to thank Dr. Trevor Watt, Dr. Scott Fish, and Julien Cohen who 

were integral to the design and testing of early experiments. The subsequent work would 

not have been possible without all your efforts. 

Furthermore, I must thank Dr. Taleff and his research group, especially Ryann 

Rupp and Dr. Phillip Noel, for allowing me to utilize their space, equipment and expertise 

while preparing metallographic samples within their lab. I promise one day all the 

questions will end, and we will give back that shelf in your lab… it just may take a while. 

I would like to thank Raytheon and Joe Wahl for providing funding for the work 

presented in this thesis. Ben Fulcher at Statasys Direct Manufacturing also deserves a great 

deal of thanks for manufacturing samples, performing powder analysis, and providing 

valuable insight. Dr. Abhi Bhat, thank you for your help and patience. I know you have an 

overflowing schedule, so thank you for taking time to talk and show me how to use the 

equipment. 

Finally, I must thank God.  

 



 vi 

Abstract 

 

Selective Laser Melting of Elemental Aluminum Silicon Mixtures 

 

Christopher Eli Roberts, M.S.E. 

The University of Texas at Austin, 2016 

 

Supervisor:  David L. Bourell 

 

Additive manufacturing technologies have generated increasing interest by public, 

government, and academic institutions alike. While past research has increased part 

quality, build speed, and process reliability, there remains few materials which can be 

processed through selective laser melting (SLM). Historically, metal feedstock for powder 

bed fusion processes have been pre-alloyed, near-eutectic grades similar to traditional 

casting alloys.  

This thesis discusses an alternative processing route utilizing elemental mixtures 

for off-eutectic, difficult-to-processes alloys which exhibit a large freezing range and 

solidification shrinkage such as that found in many wrought aluminum alloys. One such 

alloy is aluminum 6061. This material is of great commercial interest due to its widespread 

use within the traditional manufacturing industry, successful prior certification in 

aerospace industries, and good mechanical properties.  

Since AA6061 consists of multiple elements, a representative system of aluminum 

and silicon was utilized for consideration in this thesis. A powder feedstock of 

commercially pure aluminum and silicon was prepared and processed through SLM. 
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Samples were then heat treated to homogenize the silicon aluminum matrix.  

Metallographic analysis was performed throughout the experiment to determine the 

underlying materials processes. Dense parts without solidification cracking were produced 

and silicon dissolution into the aluminum matrix was verified using scanning electron 

microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS). The combined-

powder process that is outlined could be expanded to other material systems which are not 

compatible with current additive manufacturing technologies.  

An overview of the theory behind the use of elemental mixtures as well as the 

results from the aluminum silicon (Al-Si) mixture are presented. Future work needed to be 

accomplished and potential challenges associated with this processing route are also 

discussed. 
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Chapter 1:  Introduction 

This chapter discusses the Selective Laser Melting (SLM) process and previous 

research employing elemental mixtures in Additive Manufacturing (AM). Background on 

the aluminum silicon metallographic system is also presented along with a discussion of 

the metallography of additively manufactured parts.  

REVIEW OF THE SELECTIVE LASER MELTING PROCESS 

 Additive manufacturing of metals can be categorized into four main subsets: 

Directed Energy Deposition (DED), Powder Bed Fusion (PBF), binder jetting, and 

lamination processes. Of these four categories, DED and PBF are of the most commercial 

and research interest. Directed Energy Deposition includes processes that utilize directed 

energy, typically a laser, to form a melt pool into which the feedstock is deposited in either 

a powder form (e.g. LENS™) or through a feed wire (SciakyTM).  Like DED, powder bed 

fusion utilizes a directed energy source (either a laser or electron beam) to consolidate 

material; however, PBF processes selectively melt or sinter pre-deposited layers of material 

instead of injecting the feedstock into the melt pool.  

Selective laser melting, also referred to as Direct Metal Laser Sintering (DMLS™), 

laserCUSING®, and laser melting, is a powder bed fusion process whose history can be 

traced back to the Selective Laser Sintering (SLS™) process developed by Dr. Carl 

Deckard and Dr. Joseph Beaman at the University of Texas at Austin in the mid-1980s. As 

in every current additive manufacturing technology, a part is first created in a computer 

aided design package or modeling software. The part file is then triangulated and saved 

into a STL (stereolithography) format, the current standard for many AM machines. Next, 

the file is “sliced” into layers which can be interpreted by the machine. Then the 

manufacturing process loop, similar to that of SLS, begins. Powder is loaded into feed bins 
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located on either side of the build platform. After loading, the chamber is closed and filled 

with an inert atmosphere, typically either argon or nitrogen. After acceptable oxygen levels 

are reached, one of the feed bin raises slightly. A wiper blade or counter rotating roller is 

then used to spread the powder evenly across the build platform while at the same time 

compressing the powder to increase the bulk density. A laser source and scanning apparatus 

consisting of galvanometers and optics selectively heats the powder bed resulting the 

coalescence of the powder. Most current direct metal systems utilize Yb-fiber lasers with 

a central wavelength of approximately 1000 nm and power varying between 50 W and 

2000 W. 1-3 After scanning is complete, the build platform is then lowered by the thickness 

of one layer, typically on the order of 40-100 μm, and the process is repeated until all layers 

have been processed. Figure 1 is a simplified schematic of typical SLM hardware. 

Figure 1: Overview of the SLM Process 
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After the build has completed, the part, which is still attached to the build plate, is 

removed from the chamber and cleaned of all loose metal powder. A band saw is then 

utilized to detach the part from the build plate. Support structures are removed either by 

hand or employing Computer Numerical Control (CNC) machining for large volume runs. 

If any critical mating surfaces exist, they must be machined to tolerance to remove the 

surface roughness typical of additive manufacturing processes. Further post-processing 

including polishing, Hot Isostatic Pressing (HIP), and heat treatment may then proceed 

depending upon performance specifications and material. 

REVIEW OF SELECTED AM FEEDSTOCK PRODUCTION TECHNIQUES 

The feedstock utilized within the SLM process consists primarily of powdered 

metals which are typically pre-alloyed. Several methods are employed to obtain a small 

particle size. Current commercial feedstock consists primarily of Inconel 625 and 718, 

titanium, steel, stainless steel, casting grade aluminum, and copper alloys. Water 

atomization, gas atomization, plasma atomization, and hydride-dehydride processes are 

utilized to transform the metal ingots into powder suitable for AM. 

Water Atomization 

Water atomization consists of high pressure water jets, which have been dispersed 

into droplets, impinging upon a liquid metal stream. 4 The high velocity water atomizes 

and solidifies the metal which is collected at the bottom of the chamber. The powder is 

then dried and sorted. This process typically results in irregularly shaped particles with an 

oxidized surface. Due to the nature of the impinging fluid, this process is unsuitable for 

highly reactive powders such as aluminum and titanium.5 While water atomization is 

highly economical, it is not widely used in additive manufacturing as the irregularly shaped 

particles and oxide layers produced result in decreased part density.  
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Gas Atomization 

Similar to water atomization, gas atomization utilizes a high velocity fluid, typically 

air, nitrogen, argon, or helium, impinging on molten metal to form the metal powder. 

However, the gas-to-metal ratio primarily controls the particle size unlike fluid pressure 

which defines the particle size in water atomization. 6 Gas atomization units may either be 

categorized as free fall, which are similar to the design of water atomization units, or 

confined, which increase the impinging gas velocity yet are more prone to freezing the 

metal stream in the nozzle. The relatively low heat capacity and inert nature of the gas 

allows the molten metal to experience a long cooling time resulting in a more spherical 

profile and inhibits oxidation. 5 Thus, this method is viable for highly reactive metals.  

Plasma Atomization and the Rotating Electrode Process 

Plasma atomization is utilized to obtain highly spherical powders. A wire of the 

feedstock is fed into the chamber. Plasma jets encircling the wire proceed to rapidly melt 

the feedstock in an inert environment. As the particles fall, they solidify and collect at the 

bottom of the chamber. The particle distribution is narrower than gas atomization. 7 A 

similar process, the rotating electrode process (REP), is a centrifugal atomization process 

where a rotating consumable electrode is melted by a plasma arc. The metal is then ejected 

as droplets and solidifies before hitting the walls of the chamber. 5,6,8 These two methods 

may be used to produce titanium powder which is highly corrosive in the molten state as 

well as other reactive powders. 6  

Hydride-dehydride Process 

The hydride-dehydride (HDH) process exploits the brittle nature of many metals 

when exposed to hydrogen. The feedstock is first allowed form a metal hydride which 

embrittles the material. The hydride is then ground into a fine powder. Following 
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mechanical milling, the powder is exposed to a vacuum and heated resulting in the 

absorbed hydrogen being released from the metal hydride. The resulting powder 

composition is approximately that of the initial feedstock. Titanium powders are especially 

well suited for this type of processing. 6,9 However, since the powders are mechanically 

milled, they exhibit significant irregularity and faceted surfaces. These powders can be 

used in their as- processed condition or as feed stock for plasma atomization. 5 

REVIEW OF PREVIOUS RESEARCH ON ELEMENTAL MIXTURES FOR ADDITIVE 
MANUFACTURING 

Typical additive manufacturing feedstock remains pre-alloyed powder or wire. 

Current research involving elementally mixed powders in additive manufacturing 

primarily revolves around producing functionally graded materials utilizing direct energy 

deposition methods. Little work has been accomplished which utilizes elemental mixtures 

in the SLM process. However, some researchers have processed elemental mixtures for the 

purpose of reducing cost or producing parts from noble metals used in jewelry.  

Research on Additive Manufacturing of Pure Metals 

Research involving pure metals for additive manufacturing has focused on jewelry, 

heat transfer, and medical applications. In 2014 Khan and Dickens10 attempted to produce 

metallic dental crowns from 24 carat gold. While acceptable processing parameters were 

discovered, all parts showed significant interlayer porosity. However, these efforts showed 

that a decrease in layer height and preheating of the powder bed significantly improved 

porosity within the samples. Most importantly, Khan and Dickens10 showed that metals 

with high reflectivity in the infrared region may be processed successfully through the SLM 

process.  
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Fukuda et al11 produced cylindrical channel bone implants utilizing commercially 

pure titanium. However, since the purpose of the implant was to promote osteoinduction, 

porosity was not only acceptable but necessary. In a similar manner, Ng et al12 produced 

biomedical implants from pure magnesium since magnesium has been shown to promote 

metabolism and bone grown by Staiger et al. 11-13 Ng observed that at higher energy 

densities, the samples produced showed higher levels of oxidation. It was hypothesized 

that this effect was due to surface oxides breaking and diffusing through the melt pool.  

Gu et al.14 produced nearly fully dense parts by additively manufacturing samples 

of commercially pure titanium. Traditionally pure titanium showed a tendency toward 

balling leading to high porosity. During Gu’s study, the densification behavior, as well as 

mechanical properties of additively manufactured Commercially Pure (CP) titanium, was 

characterized. The study found that microscopic balling was induced at low scan speed and 

high energy density. At high scan speed, a turbulent solidification front resulted in 

significant balling. The authors suggested that balling at high scan speed was a result of 

the increased influence of Marangoni convection within the melt pool induced by high 

thermal gradients.  

While further research into other metal systems has been conducted, many projects 

are not published in their entirety. It has been reported by the Fraunhofer Institute for Laser 

Technology in Germany that copper has been successfully produced utilizing a 1 kW laser 

and resulted in parts which are 99.9% dense. 15 The high reflectivity of this metal combined 

with the high thermal conductivity have historically precluded copper from traditional AM 

processing as the laser power was not great enough. As higher power lasers are developed, 

the SLM process may be expanded to a greater variety of materials. 
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Research in Functionally Graded Components 

A significant portion of research involving elemental mixtures in additive 

manufacturing arises from the desire to create functionally graded material components. In 

these parts the composition of the metal is continuously varied throughout the part. By 

varying the composition, the mechanical properties of the part may be tailored for specific 

applications without significantly changing the geometry allowing for an additional 

dimension in the mechanical design. The task of controlling composition on a continuous 

spectrum is particularly suited to elemental mixtures as the powder is not pre-alloyed into 

a finite set of compositions. Thus, the infinitely many alloy compositions needed in a truly 

functionally graded component may be alloyed in situ. However, the SLM process is not 

suited to continuous variation of the powder composition as the feed bins are filled before 

the manufacturing process begins. Thus, much of the research into functionally graded 

components utilize direct energy deposition methods, such as the LENS™ process.  

Schwender et al.16 investigated the use of elemental mixtures deposited through the 

LENS™ process focusing on titanium based alloys. The study utilized the Ti-Cr and Ti-

Nb systems to discern the influence of the heat of mixing on the manufacturing process.  It 

was found that the enthalpy of mixing significantly affected the homogeneity of the final 

part. The intermixing of the elements is enhanced by powders that have a negative heat of 

mixing due to rejection of heat to the melt pool. In contrast, intermixing is hindered by 

element combinations with a positive heat of mixing. Furthermore, mixtures with 

exothermic mixing were shown to produce higher solidification rates as the reaction 

produces a larger thermal gradient.  

Liu and DuPont 17 illustrated the use of functionally graded materials in 2003 by 

creating a crack-free component which varied from commercially pure titanium at the base 

to approximately 95 vol % TiC through the LENS™ process. This experiment expanded 
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the range of materials utilized in functionally graded components to ceramic-metal 

composites.  

Furthermore, research has shown that for certain alloys systems similar mechanical 

properties may be obtained through elemental mixtures and pre-alloyed powders. 18 

Clayton18 investigated three systems, 316SS, 430SS, and Ti64, produced through elemental 

powders and laser based additive manufacturing (LAM). Ti64 and 316SS were shown to 

exhibit similar mechanical properties when produced via pre-alloyed powders and 

elemental mixtures; however, 430SS components showed differing properties dependent 

on the initial feedstock. The microstructures of the 430SS produced with pre-alloyed 

powders contained regions of a martensitic structure, which elementally produced samples 

containing fully ferritic microstructures. Furthermore, while the Ti64 samples did contain 

similar microstructures, an increase in porosity was observed in elementally produced 

parts.  

Other Applications of Elemental Mixtures Utilized in Additive Manufacturing 

A mixture of 99.22 wt.% iron powder and 0.78 wt.% carbon powder was prepared 

by Murali et al.19 and the elemental compositions after sintering were analyzed. Their 

research showed that the elemental composition of the final product might be substantially 

different than the mixture utilized as feedstock. When analyzed, samples produced through 

laser sintering indicated 0.3 wt.% carbon content as compared to 0.78 wt.% in the initial 

feedstock. Thus, the authors suggested that the feedstock had additional carbon content 

when compared to the target composition.  

Similarly, Simchi and Pohl 20 studied the effect of carbon content on elemental 

mixtures produced through direct metal laser sintering (DMLS) and found that the addition 

of graphite could increase the sintering kinetics of the iron powder. The addition of carbon 
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into the melt pool significantly decreases the surface tension and viscosity of the molten 

iron alloy. As a result of the increased flow-ability of the melt pool, higher densities were 

achieved. It was also shown that carbon could act as a reducing agent when higher 

concentrations are present.  

The use of elemental powder mixtures was studied by Vora et al.21 as a means to 

build anchorless components. During the SLM process the large temperature gradients and 

rapid solidification of the melt pool introduce significant residual stresses leading to 

warping and delamination of parts. Therefore, a dense matrix of support structures has 

traditionally been utilized to “tie” the part to the build plate preventing warping and 

providing a pathway for heat dissipation. Since these anchors must be removed via either 

CNC machining or grinding during post processing, resultant constraints on part geometry, 

increased cost, and increased production time exist. In SLS of polymers no anchors are 

necessary due to the supercooling nature of nylon 11 and nylon 12. These polymers have 

a freezing temperature below their melt temperature; thus, the scanned powder does not 

fully refreeze during the build process. After the build is complete, the solidification 

temperature may be slowly lowered to room temperature resulting in a decrease in part 

warpage. Drawing upon supercooling polymers as a guide, Vora et al.21 utilized eutectic 

systems which freeze at a lower temperature than either component metals. The study, 

which focused on AlSi12, blended the elemental aluminum with 12 wt.% silicon. During 

processing the chamber temperature was held near the eutectic temperature, thereby 

reducing the solidification rate of the alloy produced in situ. Anchorless overhanging parts 

were successfully produced with minimal warpage with a bed temperature of 380°C.  
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OVERVIEW OF THE ALUMINUM SILICON SYSTEM 

 The use of aluminum alloys within modern manufacturing is only surpassed by that 

of steel due to these alloys’ lightweight natures and the large range of mechanical 

properties that can be achieved through alloying and strengthening mechanisms as 

illustrated in Figure 2. 22,23 Traditionally aluminum alloys have been classified by the 

Aluminum Association as either casting alloys or wrought alloys. 24 For casting alloys, a 

three-digit system is employed. Each three-digit number is followed by a point and single 

digit relating to casting alloy limits. The first digit designates the primary alloying element. 

In the case of aluminum, silicon alloys are designated by 4xx.x. (The 3xx.x contains silicon 

plus copper and/or magnesium). In contrast, wrought aluminum alloys are designated by a 

four-digit number with the first digit identifying the principle alloying elements. Both the 

4xxx and 6xxx series include silicon as a principle alloying element; however, the six 

thousand series aluminums also contain magnesium as a primary element.  

Figure 2: Yield Strength vs. Density of Various Materials after [22] 
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Properties of Aluminum 

Aluminum is the second most common metallic material found on Earth. (Davis, 

Associates, and Committee 1993) 25 The use of aluminum is ubiquitous in applications that 

necessitate light weight and good corrosion resistance such as aerospace and biomedical 

applications. Pure aluminum has a density of 2.7 g/cm3 and a melting temperature of 

660°C. 26 While pure aluminum is relatively soft, it has a variety of alloying and hardening 

techniques which can lead to a wide variety of mechanical properties. 24  

However, high reflectivity, thermal expansion coefficient, hydrogen solubility, 

thermal conductivity, and thermodynamically stable surface oxides pose significant 

challenges for additive manufacturing. Since SLM relies upon a laser to heat the powder, 

high reflectivity materials have been historically difficult to produce. Most modern 

machines typically utilize a Yb-fiber laser with a wavelength between 1060 nm and 1100 

nm.  At this wavelength, aluminum has a reflectivity of approximately 95% to a beam with 

a zero-degree angle of incidence.  The wavelength dependent reflectivity of the aluminum, 

shown in Figure 3, may be calculated with the following formula where n1 is the spectral 

index of refractivity of aluminum, n0 is the spectral index of refraction of air and k1 is the 

extinction coefficient of aluminum: 27-29 

 

𝑅 =
𝑛$ − 𝑛& ' + 𝑘$'

𝑛$ + 𝑛& ' + 𝑘$'
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However, during SLM the beam is scattered throughout the powder. Thus, on the 

initial scan, much of the energy is absorbed into the powder due to repeated reflections 

(Figure 4) below the powder’s surface. 30 

 

Figure 3: Spectral Reflectivity for Aluminum from [27-29] 

Figure 4: Illustration of the Laser Beam Scattering in 
Powder from [30] 
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 The high coefficient of thermal expansion and large volume change during 

solidification of aluminum increase the amount of residual stress within the part during the 

build process and increases the tendency of cracking to form. Between 20°C, which is near 

the chamber temperature typically held at 35°C, and 500°C, the average coefficient of 

thermal expansion for pure aluminum is 27.4 μm/m K-1compared to 12.8 μm/m K-1 for 

titanium (averaged over 20-700°C) and approximately 15 μm/m K-1 for iron (averaged over 

20-912°C) which are base metals of typical SLM materials. 31 

 Furthermore, the high hydrogen solubility, shown in Figure 5, within molten 

aluminum complicates the SLM process. 23,32 During the scan, the molten pool of aluminum 

absorbs the available oxygen. Upon cooling the solubility of hydrogen within the aluminum 

greatly decreases resulting in off-gassing. Due to the extreme cooling rates of the SLM 

process, off-gassing results in hydrogen induced porosity within the final part. This 

phenomenon has been studied by Aboulkhair et al.33 for AlSi10Mg. It was found that at 

low scan speeds, hydrogen porosity becomes more pronounced.  

Figure 5: Aluminum-Hydrogen Binary Phase Diagram from [32] 
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 The propensity of aluminum to form stable oxide layers further complicates 

processing. Surface oxides have been shown to inhibit densification, promote balling, and 

disrupt inter-particle coalescence. 23 An oxide layer may form on the side of the solidified 

melt pool between layer hatches. The SLM process must first break this oxide layer before 

complete densification can occur. Louvis et al.34 concluded that the laser may evaporate 

the top of the oxide layer and disrupt the bottom layer through Marangoni convection, yet 

leave the oxide layer located on the sides of the particle intact. To further disrupt the oxide 

layer, higher laser powers are utilized. However, increasing laser power can result in the 

evaporation of alloying elements. This process is illustrated in Figure 6. 

Figure 6: Evolution of Defects Caused by Surface Oxide Layers in Aluminum 
During the SLM Process from [34] 
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Properties of Silicon 

In contrast to aluminum, silicon possesses a melting point of approximately 1414°C 

and a density of 2.33 g/cm3 at 25°C.35 Silicon, the second most abundant element on Earth 

by weight, is typically either classified as crystalline or amorphous.26 Unlike aluminum, 

silicon transmits wavelengths within the ultraviolet spectrum with approximately 95% 

transmission of light within the range of 1.3 to 6.7 μm. The spectral absorption coefficient 

can be calculated as: 

 

𝛼$ =
4𝜋
𝜆 𝑘$	 

 

where 𝛼$ is the absorption coefficient and 𝜆 is the wavelength. Note the sharp decline in 

absorption, shown in Figure 7, at approximately 1100 nm, the wavelength of the Yb-fiber 

lasers employed by typical SLM machines.  

 

Figure 7: Spectral Reflectivity and Extinction Coefficient of Silicon after [29] 



 16 

Aluminum Silicon System 

The aluminum silicon system, shown in Figure 8, is comprised of a simple eutectic 

with two solid solution phases, fcc aluminum and diamond cubic silicon. At room 

temperature, silicon solid solubility within aluminum is negligible. At the eutectic 

temperature, the maximum solid solubility of silicon in aluminum is 1.6 wt.%. Furthermore 

the maximum solubility of aluminum within silicon is 0.016 at.% at 1190 0C. 36 The system 

possesses a eutectic temperature of 577°C at 12.6 wt.% silicon. 32 

Many of the most widely utilized aluminum casting grades depend heavily upon 

the effects of the alloying addition of silicon.25 The addition of silicon has been shown to 

decrease cracking in aluminum-copper-magnesium alloys. Within wrought alloys, silicon 

and magnesium are introduced to render the alloy heat treatable through formation of 

Mg2Si. Additions of sodium in hypoeutectic alloys and phosphorous in hypereutectic alloys 

are utilized as silicon modifiers.  

Figure 8: Aluminum-Silicon Binary Phase Diagram from [32] 
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Silicon additions of between 3 wt.% and the eutectic composition (12.6 wt. %) yield 

increases in fluidity which reduces solidification cracking and improves feeding which 

minimizes shrinkage porosity. 24 Near-eutectic alloys further benefit from a decreased 

solidification range and increased hot tearing resistance leading to a decrease in void 

generation and hot tearing. 25  

Aluminum silicon casting alloys are utilized when good fluidity and corrosion 

resistance are necessary. While silicon concentrations as low as 2 wt.% have been 

employed in casting applications, typical concentrations vary between 5 and 13%. 24 For 

additive manufacturing, the most prevalent aluminum alloy is AlSi10Mg. With the addition 

of magnesium, the solution becomes heat treatable improving mechanical performance.  

REVIEW OF DEFECTS AND METALLOGRAPHY IN SELECTIVE LASER MELTING 

 The mechanical properties and microstructure of additively manufactured parts 

depend upon the complex interaction of several variables including part geometry, scan 

strategy, laser power, scan speed, hatch spacing, preheating, feedstock quality, atmosphere, 

thermal cycling, etc. As in traditional casting or powder metallurgy techniques, certain 

defects arise due to improper processing parameters. AM parts are particularly affected by 

porosity, cracking, delamination, distortion due to residual stresses, and poor surface 

finishes.  

Porosity 

 Porosity is one of the most common defects found within AM parts. Observed part 

porosity may be a result of either porosity introduced by the atomization of the feedstock 

powder or process induced porosity. 37 Process induced porosity tends to be non-spherical 

and is produced by improper processing conditions. Along with hydrogen induced porosity 

discussed earlier, fusion defects, keyhole, and hot-tearing porosity may be observed. 
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Fusion defects are a results of insufficient energy density necessary to completely melt the 

feedstock and promote consolidation. Sames 37 notes that lack of fusion may be evident by 

the presence of un-melted particles near or in the pores.  

 Keyhole formation is observed when laser power exceeds the acceptable operating 

envelope. 38 During PBF, the process is operating in the “keyhole-mode” when the depth 

of the melt pool is controlled by the evaporation of the metal in contrast to normal operation 

where the melt pool depth is controlled by conduction. In the keyhole mode the evaporated 

metal forms a vapor cavity which in turn aides laser absorption enabling the laser to 

penetrate further into the surface. Voids are formed upon the collapse of the vapor cavity. 

King et al.38 verified that both keyhole-mode laser melting occurs during additive 

manufacturing of 316L stainless steel given certain operating conditions and the keyhole 

mode may lead to void formation in the wake of the laser.  

 Hot tearing refers to a type of cracking caused by solidification shrinkage, where 

upon cooling through the mushy zone, there is insufficient material to fill the void from the 

solidifying material. Solidification cracking resulting from hot tearing is distinguished by 

tendrils crossing a gap as a result of partially solidified material being pulled from through 

the void. 

Delamination 

Delamination occurs when two layers separate due to insufficient bonding between 

subsequent scans. The defect may occur due to incomplete melting of the feedstock powder 

or insufficient re-melting of the previous layer or substrate.  Thermal stresses which lead 

to delamination may be induced by either the Thermal Gradient Mechanism (TGM) or 

stresses induced through the solidification and cooling of the top layers. 39 The TGM results 

from the large thermal gradients induced in the immediate vicinity of the laser scan. 
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Kempen39 notes that these thermal gradients result in compressive stresses in the upper 

layers of the build. When the compressive stresses exceed the yield strength, plastic 

deformation occurs potentially inducing cracking which leads to delamination. Unlike 

porosity and solidification cracking which may be removed by hot isostatic pressing 

(HIPing), delamination constitutes a defect which may not be removed during post 

processing.  

Grain Structure 

Due to the fast cooling rates (103-108 K s-1) and directional nature of PBF processes, 

grains tend to be highly columnar. 40 Non-traditional microstructures may be seen 

throughout the material due to insufficient time for grain development and growth.  It has 

been shown that the resulting microstructure is highly dependent upon the scan strategy 

and energy density. 41 Parimi et al.41 showed that higher energy density produces large 

columnar grains due to re-melting of additional layers. This re-melting promotes the 

epitaxial grain growth and a directional microstructure seen in many additively 

manufactured parts.  

Carter et al.42 demonstrated that the “island” scan pattern, whereby the scan layer is 

divided into squares and then melted in a random order to reduce residual stress, produced 

a microstructure that showed a repeated square pattern throughout the part. However, a 

traditional back and forth scan pattern resulted in the columnar grains such as those 

observed by Parimi. 42 Dehoff et al.43 showed that it was possible to analytically determine 

a model to control the site specific grain orientation through varying the scan strategy.43 

This was verified by constructing a component built from Inconel 718 in which the letters 

DOE are outlined by highly misoriented grains on a surface with highly columnar grain 

structure, as shown in Figure 9.  
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HYPOTHESIS AND THESIS DESCRIPTION 

While much work has been accomplished on the use of elemental mixtures for 

direct energy deposition processes, little research has been conducted into the development 

of alterative processing routes for powder bed fusion technologies involving elemental 

mixtures. However, the use of elemental metals mimicking the specified final composition 

should provide a means to process historically difficult-to-process metal alloys by 

mitigating the influence of solidification phenomenon on the as-built part quality.  

The second chapter of this thesis discusses previous unpublished work 

accomplished during initial control experiments involving AA6061 pre-alloyed powder. 

The remaining chapters detail the initial feasibility study which utilized an elemental 

mixture of aluminum and silicon to mimic levels found in AA6061. A discussion of 

challenges associated with this processing route along with future avenues of research is 

also provided. 

Figure 9: Crystallographic Orientation Map Illustrating Site Specific Control of 
Crystallographic Orientation in AM from [43] 
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Chapter 2:  Initial AA6061 Experiments 

Two preliminary experiments were conducted to evaluate the effect of processing 

parameters on crack development and develop a baseline for mechanical properties of 

specimens produced from pre-alloyed AA6061. While these experiments were designed 

by Dr. Trevor Watt and tested by Julien Cohen, the results from these experiments were 

never published. As their results influenced the design of the subsequent elemental mixture 

experiments by the author, these experiments are included in this thesis for the reader’s 

benefit. Specimens described in this section were produced by Stratasys Direct 

Manufacturing on a EOS M280 system. 

VOLUMETRIC ENERGY DENSITY ANALYSIS 

To determine the build parameters, Dr. Watt chose an analysis based on volumetric 

energy density in which there are three cases: adiabatic, one-dimensional diffusion, and 

two-dimensional diffusion as shown in Figure 10. 44 

Figure 10: Comparison of the adiabatic, one-dimensional, and two-dimensional cases for 
calculating the volumetric energy destiny from [44]. 
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The volumetric energy density for the adiabatic case is determined by visualizing a 

rectangular cuboid whose width is determined by the laser diameter (D) and depth by the 

layer thickness (h). The length of the volume (L) is then the length of the scan track. 

Assuming a constant beam with an incident area of A, the average adiabatic energy in 

(J/m3) is then: 

𝑒012,045 =
𝑒𝐴
𝑉 =

𝑃
𝐷𝑣ℎ 

The one-dimensional and two-dimensional cases were then determined by Watt to be: 

𝑒$<,045 =
ℎ

ℎ + 𝛿 𝑒012,045 

𝑒'<,045 =
𝐷

𝐷 + 2𝛿
ℎ

ℎ + 𝛿 𝑒012,045 

where 𝛿 is the characteristic skin depth. In this equation 𝜅 is the thermal diffusivity in m2/s. 

𝛿 = 𝜅
𝐷
𝑣  

While the use of volumetric energy density calculations is convenient to visualize, 

the analysis does not capture the physics of the process. The measure which has the most 

correlation with observed behavior is the adiabatic case. 

METHODOLOGY 

Design of Experiments 

Both experiments were designed based upon volumetric energy density 

calculations. The second experiment selected the best candidate specimens as judged by 

preliminary surface microscopy of the AA6061 control build. 
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Aluminum 6061 Control  

The first experiment aimed at determining which parameters affected solidification 

shrinkage cracking in aluminum parts. Dr. Watt calculated the necessary scan parameters 

for the experiment, applying a volumetric energy density analysis. 44 On EOS machines 

two approaches are available to control the local thermal gradients. The first involves pre-

scanning of the powder bed to reduce thermal gradients at the surface. However, Dr. Watt44 

showed through simple approximations of the heat equation that conduction removes 

approximately 99% of the deposited energy from the melt region prior to the laser scanning 

the subsequent layer. Thus, it is not practical to utilize pre-or post-scanning of the powder 

bed using current SLM technology for aluminum alloys. Therefore, the only practical 

method of controlling the thermal profile of the melt region is to vary the laser power, scan 

speed, and scan spacing.  

When designing the experiment, Watt chose to first simultaneously reduce the laser 

power and scan speed such that each combination resulted in the same amount of energy 

deposited in the “adiabatic” volume.44 However, the reduction in the power and scan speed 

results in a significant reduction in the energy density of the diffused volume. It was 

predicted that the parameters sets with a high diffusional energy density would show 

cracking while low energy density samples would exhibit a large amount of porosity due 

to fusion errors with an optimum level between the two. A second set of parameters was 

developed which attempted to match the two-dimensional diffusion energy density (as 

opposed to the adiabatic energy density) to the first scan while reducing the scan speed. 

Each set of parameters (power and scan speed) were then programmed to build with a scan 

spacing of 0.08 0.19, and 0.13 mm.  Additional parameters sets were added to test the 

effects of low speed and the influence of laser power at a constant scan speed. Table 1 

summarizes the build parameters.  
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The sample geometry consisted of cuboids with side lengths of 8 mm and a height 

of 3 mm resulting in approximately 75 layers. Four specimens were connected in order to 

ease mounting and metallographic analysis, as the four samples may be placed in a mount 

without the need for low speed sectioning which reduces the time and cost associated with 

the analysis.44 

Samples within this experiment were analyzed utilizing electron and optical 

microscopy. A scanning election microscope was utilized to investigate the surface of each 

specimen, while optical microscopy was primarily utilized to characterize the internal 

cross-section of the part.  

 

Figure 11: Sample geometry from [44] 
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Table 1: Parameter summary for AA6061 DOE 1 

# Power 
(W) 

Speed 
(mm/s) 

Spacing 
(mm) 

Adiabatic 
Energy 
Density 
(J/mm3) 

Diffused 
Energy 
Density 
(J/mm3) 

Notes 

1 370 940 0.08 44.36 5.84 

Constant 
Adiabatic Energy 

2 296 752 0.08 44.36 5.05 
3 222 564 0.08 44.36 4.15 
4 148 376 0.08 44.36 3.11 
5 29.6 75.2 0.08 44.36 0.85 
6 370 940 0.13 44.36 5.84 
7 296 752 0.13 44.36 5.05 
8 222 564 0.13 44.36 4.15 
9 148 376 0.13 44.36 3.11 

10 29.6 75.2 0.13 44.36 0.85 
11 370 940 0.19 44.36 5.84 
12 296 752 0.19 44.36 5.05 
13 222 564 0.19 44.36 4.15 
14 148 376 0.19 44.36 3.11 
15 29.6 75.2 0.19 44.36 0.85 
16 319 752 0.08 47.81 5.44 

Laser Power 
Adjusted for 

Thermal 
Diffusion 

17 343 752 0.08 51.40 5.85 
18 203 376 0.08 60.84 4.26 
19 278 376 0.08 83.32 5.84 
20 319 752 0.13 47.81 5.44 
21 343 752 0.13 51.40 5.85 
22 203 376 0.13 60.84 4.26 
23 278 376 0.13 83.32 5.84 
24 319 752 0.19 47.81 5.44 
25 343 752 0.19 51.40 5.85 
26 203 376 0.19 60.84 4.26 
27 278 376 0.19 83.32 5.84 
28 78 75.2 0.08 116.89 2.25 

Low Speed Scans 

29 78 75.2 0.13 116.89 2.25 
30 78 75.2 0.19 116.89 2.25 
31 204 75.2 0.08 305.72 5.88 
32 204 75.2 0.13 305.72 5.88 
33 204 75.2 0.19 305.72 5.88 
34 345 500 0.19 77.76 6.69 Constant Speed 

Scans 35 320 500 0.19 72.13 6.21 
36 295 500 0.19 66.49 5.72 
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Aluminum 6061 Mechanical Test Specimens 

This experiment’s aim was to examine the mechanical properties of SLM processed 

AA6061. Flexure strength was chosen as the characteristic measure of part quality since a 

large number of specimens could be produced in a single build reducing cost and time.  

Specimens were designed by Watt to conform with ASTM D790 testing criteria. 

Specimen dimensions were 3.2	×	12.8	×	64 mm with each specimen being built on the 

3.2	×	12.8	mm face. This configuration, while not optimal for mechanical testing, allowed 

50 samples to be arranged throughout the build chamber. Ten samples reflecting the “best” 

candidates from the previous build were chosen for inclusion in this experiment. Five 

samples were built for each parameter set totaling 50 samples. 44,45 

 

Sample 
# 

Previous 
Experiment  

# 
Power 

(W) 
Speed 

(mm/s) 
Spacing 

(mm) 
Adiabatic 

Energy Density 
(J/mm3) 

Diffused 
Energy Density 

(J/mm3) 
1 1 370 940 0.08 44.36 5.84 
2 2 296 752 0.08 44.36 5.05 
3 13 222 564 0.19 44.36 4.15 
4 17 343 752 0.08 51.40 5.85 
5 19 278 376 0.08 83.32 5.84 
6 20 319 752 0.13 47.81 5.44 
7 21 343 752 0.13 51.40 5.85 
8 31 204 75.2 0.08 305.72 5.88 
9 32 204 75.2 0.13 305.72 5.88 
10 35 320 500 0.19 72.13 6.21 

Table 2: Build Parameters for Flexure Testing AA6061 
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Microscopy 

After removal from the base plate using a band saw, each sample was placed in a 

JEOL JSM-5610 scanning electron microscope with backscatter detection and energy 

dispersive spectroscopy (EDS) hardware installed. The top surface, perpendicular to the 

build direction, was examined for flatness and cracking with the intent of determining 

“best” samples for further analysis. Samples were ranked on a qualitative scale judging 

defect density and apparent porosity as seen from the surface. Imaging of backscattered 

electrons coupled with EDS allowed for analysis of compositional variance on the surface 

of the sample.  

Samples representing the best candidates were selected for further optical analysis 

utilizing a Nikon Epiphot 200 optical microscope. These samples were sectioned utilizing 

a low speed diamond saw and mounted in epoxy. Each sample was polished through the 

sequence presented in Table 3. 45 Following polishing the samples were again qualitatively 

ranked based upon observed crack density and porosity. 

 
Step Type Surface Solution Post Cleaning/Notes 
Grinding Silicon Carbide 

Grinding Paper, Grit 
500 MD-Gekko 

Water Coolant Warm Water -> Ethanol     -
> Compressed Air Drying 
Chamfer to outside edge was 
created 

Grinding Silicon Carbide 
Grinding Paper, Grit 
1200 MD-Gekko 

Water Coolant Warm Water -> Ethanol    -
> Compressed Air Drying 

Polishing MD- Dac 9 um Diamond 
Suspension 

Warm Water -> Ethanol    -
> Compressed Air Drying 

Polishing MD- Floc 3 um Diamond 
Suspension 

Warm Water -> Ethanol    -
> Compressed Air Drying 

Polishing MD- Mol  1 um Diamond 
Suspension 

Warm Water -> Ethanol    -
> Compressed Air Drying 

Table 3: Polishing process for AA6061 DOE 1 
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Flexural Testing 

Each mechanical test specimen was first measured to ensure dimensional accuracy. 

Specimens were then placed in a Instron 3345 Single Column Universal Testing System 

configured for three-point bending. Test parameters were set to an extension rate (𝑠) of 14 

mm/min, span (L) of 57 mm, and a maximum extension (𝑠G0H) of 10 mm. To determine 

the flexural strength, the data was scanned to find maximum force (F) and associated 

extension, at this time stamp. Once these parameters are extracted from the data, the 

flexural strength is: 

	𝜎JKLH =
3𝐹𝐿
𝑤𝑡' 

In this equation 𝜎JKLH is the flexural strength, w is the width of the specimen, and t is the 

thickness of the sample. Five samples were produced for each set of the ten parameter sets 

resulting in a total of fifty specimens. The mean (𝜎JKLH) and the sample standard deviation 

(s) of the specimens can then be computed by: 

𝜎JKLH =
𝜎JKLHQ

2R$

N  

𝑠TUVWX = 	
1

𝑁 − 1 𝜎JKLH2 − 𝜎JKLH
'

Q

2R$

 

where N is the number of samples per parameter set (5). 
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RESULTS 

Aluminum 6061 Control 

Surface Analysis Results 

Upon receipt of the samples specimens, preliminary imaging utilizing a JEOL JSM-

5610 microscope with backscatter detection and EDS was accomplished.  Figure 12 

displays typical microscopy images of the surface at both 35x and 100x magnification. 

 Upon imaging it was apparent that dark patches were present on a number of the 

samples; thus, energy dispersive spectroscopy (EDS) was performed on these “pools” and 

surrounding material. Results showed a three-fold increase in magnesium content within 

these regions along with a significant increase in oxygen and carbon content as shown in 

Figure 13. Note that EDS analysis of lightweight metals often results in poor accuracy. 

Thus, numbers should be utilized for relative comparison between regions. These pools 

appear as scan speed and power are increased; yet at the highest powers, the quantity of 

Figure 12: SEM Surface Images for Select Samples of AA 6061 Control Experiment from [44,45] 
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these magnesium pools decreases. Figure 14 illustrates the scan speed dependence of 

magnesium pool formation.44  

The samples were then ranked according to surface quality, apparent porosity, and apparent 

cracking.  

Figure 13: Backscatter Electron Image of a Magnesium Pool Formed at the Surface of a 
Sample from the AA 6061 Control Experiment Overlaid with EDS Results from [44,45] 

Figure 14: Samples in Decreasing Scan Speed Illustrating the Effect of Scan Speed on 
Formation of Magnesium Pools at the Surface from [44,45] 
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# Power 
(W) 

Speed 
(mm/s) 

Spacing 
(mm) 

Energy 
density 
(J/mm3) 

Diffused 
Energy 
(J/mm3) 

Cracking 
(1 Ideal) 

Flatness 
(5 Ideal) 

Porosity 
(1 Ideal) Votes 

1 370 940 0.08 44.36 5.84 3 4 1 1 
2 296 752 0.08 44.36 5.05 4 4 1 4 
3 222 564 0.08 44.36 4.15 2 3 2 0 
4 148 376 0.08 44.36 3.11 2 2 3 0 
5 29.6 75.2 0.08 44.36 0.85 5 1 5 0 
6 370 940 0.13 44.36 5.84 3 5 1 0 
7 296 752 0.13 44.36 5.05 2 5 1 0 
8 222 564 0.13 44.36 4.15 2 3 1 0 
9 148 376 0.13 44.36 3.11 4 2 3 0 

10 29.6 75.2 0.13 44.36 0.85 5 1 5 0 
11 370 940 0.19 44.36 5.84 3 5 1 0 
12 296 752 0.19 44.36 5.05 2 5 1 0 
13 222 564 0.19 44.36 4.15 3 3 3 1 
14 148 376 0.19 44.36 3.11 3 2 4 0 
15 29.6 75.2 0.19 44.36 0.85 5 1 5 0 
16 319 752 0.08 47.81 5.44 3 5 1 1 
17 343 752 0.08 51.40 5.85 4 5 1 3 
18 203 376 0.08 60.84 4.26 3 3 2 0 
19 278 376 0.08 83.32 5.84 4 4 1 1 
20 319 752 0.13 47.81 5.44 4 5 1 2 
21 343 752 0.13 51.40 5.85 4 5 1 2 
22 203 376 0.13 60.84 4.26 3 3 2 0 
23 278 376 0.13 83.32 5.84 3 4 1 1 
24 319 752 0.19 47.81 5.44 3 5 1 0 
25 343 752 0.19 51.40 5.85 2 5 1 0 
26 203 376 0.19 60.84 4.26 3 3 2 0 
27 278 376 0.19 83.32 5.84 2 4 1 0 
28 78 75.2 0.08 116.89 2.25 4 2 4 0 
29 78 75.2 0.13 116.89 2.25 4 2 4 0 
30 78 75.2 0.19 116.89 2.25 4 2 4 0 
31 204 75.2 0.08 305.72 5.88 4 3 2 3 
32 204 75.2 0.13 305.72 5.88 4 3 2 2 
33 204 75.2 0.19 305.72 5.88 3 3 2 1 
34 345 500 0.19 77.76 6.69 4 1 5 0 
35 320 500 0.19 72.13 6.21 3 5 1 1 
36 295 500 0.19 66.49 5.72 1 5 1 0 

Table 4: Initial Results After SEM Imaging for AA 6061 Control Experiment 
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Cross-sectional Analysis Results 

Optical analysis of the sectioned and polished samples showed evidence of crack 

and void formation in all samples. While some evidence of cracking perpendicular to the 

build direction was apparent, the majority of the defects ran parallel to the build direction 

as seen in Figure 15. At all but the lowest power levels, porosity was highly spherical and 

varied in size depending on build conditions. At low laser power and low energy densities, 

fusion errors were present. Figure 16 illustrates typical fusions errors. 

  

Figure 15:Typical Cracking Perpendicular to the Build Plane as Seen in the AA 6061 
Control Experiment from [44,45] 

Figure 16: Typical Fusion Errors as Seen in the AA 6061 Control Experiment from [44,45] 



 33 

In several samples it was noted the defect geometry changed when approaching 

within approximately 0.75 mm from the support structure. In this region cracking was 

nonexistent, and the average void size decreased. This phenomenon is shown in Figure 17. 

 

Aluminum 6061 Mechanical Test Specimens 

Each sample was successfully tested for flexural strength other than one sample 

which failed prior to testing.  The maximum mean flexural strength observed was 154.55 

MPa while the minimum was 55.2 MPa. It must be noted that the standard deviation was 

derived from relatively few samples; thus, further conclusions drawn from this data are 

only preliminary. As shown on Figure 18 and in Table 5, the standard deviation of the first 

sample is much greater than the others as it includes one test in which the observed value 

was zero.  

 

Figure 17: Optical Image of Sample 22 Showing the Crack-free Region Near the 
Support Structure from [44,45] 
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Sample Set 
Number 

Power 
(W) 

Speed 
(mm/s) 

Scan speed 
(mm/s) 

Mean Flexural 
Strength (MPa) 

Standard 
Deviation (MPa) 

1 370 940 940 56.01 31.45 
2 296 752 752 66.3 2.35 
3 222 564 564 72.98 0.61 
4 343 752 752 80.47 3.09 
5 278 376 376 94.94 4.4 
6 319 752 752 55.2 3.64 
7 343 752 752 53.56 4.53 
8 204 75.2 75.2 154.55 4.51 
9 204 75.2 75.2 134.56 5.29 
10 320 500 500 70.46 3.4 

Table 5: Flexural Strength Testing Results for Experiment 2:AA 6061 Mechanical Test 
Specimens 

Figure 18: Flexural Strength Testing Results from AA 6061 Mechanical Test Specimens 
Experiment after [45] 
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It can be observed that the “best” performing samples were those with the lowest 

scan speed, 75 mm/s., while samples processed with high scan speed either produced failed 

parts, as in the case of sample set one, or specimens characterized by low strength.  As 

most samples within this experiment had similar energy densities (except for the two 

samples produced at 75 mm/s. which had significantly higher aerial energy densities), a 

reduction in scan speed was necessarily a reduction in power as the beam diameter is held 

constant.  

IMPACT ON ELEMENTAL MIXTURE STUDY 

Observations on defect density and type were utilized to determine future avenues 

for improvement during the elemental mixture experiments as well as forming a baseline 

for comparison. Furthermore, the control experiments were utilized to determine 

processing regions which would have a high probability of successful fusion. Regions 

which produced superior part quality during the control study were utilized as the basis for 

developing the parameter sets for the elemental mixture experiments. To account for the 

composition change conservation of energy calculations were employed to modify 

processing parameters utilized during the control experiment. 
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Chapter 3:  Theory 

The use of elementally mixed powder has several advantages over pre-alloying. 

Cost may be reduced, since various alloys could be produced from a small number of mass 

produced atomized powders ensuring economy of scale. Furthermore, variations in 

concentration may be easily adjusted after production should the process need to be refined. 

However, potentially the most important advantage that elemental mixtures present is the 

reduction in freezing range during SLM.  

REDUCTION IN SOLIDIFICATION CRACKING 

Solidification cracking, or hot tearing, is present when an alloy solidifies through a 

mushy zone and the accompanying volume change leads to void and crack formation. 

However, congruent phase transformations with a single solidification temperature are 

always present at compositions representing pure metals. While cracking may be present 

due to thermal stresses, without a solidification range the mixture cannot produce hot 

tearing as there is no mushy state to produce the voids.  

Because of the extremely short life of the melt pool, diffusion processes and 

Marangoni convection are unable to ensure homogenization during production. Thus, the 

components solidify as pure metals lacking a freezing range, assuming that the constituent 

melting points are varied as is the case for aluminum and silicon. Furthermore, since silicon 

has a melting point that is significantly higher than the primary constituent (aluminum) and 

does not readily absorb radiation at a wavelength of 1100 nm, proper processing conditions 

should fully melt the aluminum while the silicon remains in the solid state.  

Following processing the samples would then be homogenized at an elevated 

temperature, allowing the silicon to diffuse throughout the aluminum matrix thus forming 

the alloy. While the aluminum silicon mixture presented in this thesis is non-heat treatable, 
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alloys which are age hardenable could then be aged according to the designated heat 

treatments for a given material temper.  

Due to production through pulverization, the silicon particles are characterized by 

faceted faces. After processing, particles should be present without significantly deformed 

morphology within the aluminum matrix and be discernable through energy dispersive 

spectroscopy (EDS) prior to homogenization. In contrast, after homogenization silicon 

particles should be finely dispersed throughout the aluminum matrix and indiscernible with 

EDS.  

The homogenization treatment accomplishes two tasks: alloying and stress relief. 

Many additively manufactured metal parts are heat treated following their removal from 

the SLM machine. This step is primarily performed to reduce the residual stresses which 

accumulate during the process. While these heat treatments are rarely performed at the 

temperatures necessary for homogenization, the elevated temperature allows for thermal 

stresses to be relieved along with sintering of the smallest cracks.  

SILICON PARTICLE RATIO CALCULATIONS 

To determine the necessary homogenization time, it is helpful to determine the ratio 

of aluminum to silicon particles. If there are more silicon particles than aluminum and the 

components are perfectly mixed, one can utilize a one dimensional random walk analysis 

to determine the maximum time needed to ensure homogenization. The volume fraction of 

silicon, 𝑓4,[2, can be represented as a function of mass fractions and densities through the 

following: 

𝑓4,[2 =
𝑓G,[2𝜌]K

𝑓G,[2𝜌]K + 𝑓G,]K𝜌^2
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The ratio between the number of aluminum and silicon particles can then be obtained 

following the definition of the volume fraction assuming the particles are approximately 

spherical. 

𝑓 2 𝑛]K𝑉]K + 𝑛^2𝑉 2 = 𝑛^2𝑉 2 

𝑓4,^2 𝑛]K
4
3 𝜋𝑟]K

` + 𝑛[2
4
3 𝜋𝑟 2

` = 𝑛^2
4
3 𝜋𝑟 2

`  

𝑛^2
𝑛]K

=
𝑓4,^2𝑟]K`

1 − 𝑓4,^2 𝑟 2`
 

Assuming the average particle diameter for the aluminum is 34 μm and 4 μm for silicon 

and the mixture consists of 0.6 wt% silicon, there are on average 4.314 silicon particles for 

every aluminum particle. Thus, a one dimensional random walk is appropriate for 

determining the maximum time needed for homogenization.  

 A random walk analysis may be utilized to approximate many diffusion processes. 

For a one dimensional random walk, let the molecule start at a position denoted as zero. If 

the particle can move an integer steps to either side with likely probability, we may denote 

the final location of the particle as a random variable, x. While the expected value of x 

remains constant at zero, the expected value of the mean squared distance is not. The one 

dimensional random walk process for a material pair with a diffusion coefficient, D, can 

be shown to possess an expected value of 46: 

𝑥' = 2𝐷𝑡	 

As there are more silicon particles than aluminum, the maximum time necessary 

for homogenization is that which allows a silicon atom located on the surface of an 

aluminum particle to diffuse to the center of the aluminum. Thus, the homogenization time 
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may be calculated through the following inequality, based on the assumption that silicon 

diffusion is the rate-limiting dissolution mechanism. 

𝑡 ≥
𝑟]K'

2𝐷 

It is noted that this diffusion time represents the maximum time needed to 

homogenize a part that was produced from powder that was perfectly mixed (i.e. the silicon 

particles were equally dispersed throughout the powder bed at the time of scanning.) and 

which consisted of aluminum particles no larger than rAl.  In reality, perfect mixing is not 

achieved and maintained throughout the build process. Furthermore, large particles of 

aluminum and silicon will exist within the mixture. Thus, the true homogenization time 

will be larger than that estimated utilizing dAl. 
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Chapter 4:  Methodology 

Two experiments were conducted to determine possible processing routes for 

AA6061. The first consisted of utilizing an elevated bed temperature to control local 

thermal gradients within parts produced from pre-alloyed AA6061. The remaining 

experiment utilized a hypoeutectic elemental mixture of aluminum and silicon. Samples 

produced by the elemental mixture were compared to that produced by the pre-alloyed 

powder. Both of these experiments were based off observations made during the 

preliminary AA6061 builds. 

DESIGN OF EXPERIMENTS 

Both experiments demanded a modification to the energy density calculations 

performed by Watt.44 At elevated temperature less energy is needed to initiate and sustain 

melting; thus, for comparison to the control group, energy densities needed to be reduced. 

In contrast, when utilizing elementally mixed powder in ratios that mimic eutectic alloys, 

the energy densities must be increased as the melting point of the pure metals will be higher 

than that of the alloy, as eutectic systems depress the melting point. The methods used to 

modify the volumetric energy density calculations are described in the following section. 

Energy Density Modification and Comparison 

A literature search was conducted to obtain temperature dependent properties of 

pure aluminum, pure silicon, pure magnesium, AA 6061, and AlSi10Mg (the most widely 

utilized aluminum alloy in additive manufacturing). AlSi10Mg was included in the 

computations to compare processing conditions to known optimums developed for this 

alloy. Specific heat, density, and latent heat were collected from various authors and a 

characteristic equation determined. 47-50 51  
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Since little data has been published on the material properties of AlSi10Mg, the 

temperature dependent data was calculated via the rule of mixtures; however, the rule of 

mixtures may not be utilized for latent heat. Thus, two methods were employed estimate 

the latent heat. The first was a direct substitution with the properties of aluminum casting 

alloy A360. This alloy designation, which has primary alloying concentrations of 9-10% 

Si and 0.4-0.6% Mg, prescribes a similar composition to that of AlSi10Mg, which 

designates 9-11% Si and 0.2-0.45% Mg.52 53 

The second method of approximating the latent heat of AlSi10Mg applied the 

Silicon Equivalency Algorithm developed by Durdjević48 for the aluminum 3xx series 

alloys. In this method, parameter fitting is utilized to determine an equivalent silicon 

concentration for a multicomponent aluminum alloy. For aluminum-silicon-magnesium 

alloys, the following equation is prescribed for the equivalent silicon concentration, 𝑆ief: 

𝑆ief = 0 + 0.0258 ∗ 𝑓j5 − 0.0088 ∗ 𝑓j5'  

The latent heat can then be found through the lever rule. In the following equation, 𝑓kl2G0lmno]K  

and 𝑓[Lpqr10lm]K 	are the fractions of primary and secondary aluminum in the pseudo-binary 

phase diagram, respectively. 𝐶t is the concentration at the eutectic point. 𝐶not is the 

maximum solubility of silicon in aluminum at the eutectic temperature while 𝐶uot is the 

maximum solubility of aluminum in silicon (0.015 wt.% Al or 99.985 wt.%Si).48 

𝑓kl2G0lmno]K = (𝐶t − 𝑆ief)/(𝐶t − 𝐶not); 

𝑓[Lpqr10lm]K 	=
𝐶uot − 𝐶t
𝐶uot − 𝐶not

(1 − 𝑓kl2G0lmno]K ); 

𝑓tz{240KLr|^2 =
𝐶t − 𝐶not
𝐶uot − 𝐶not

(1 − 𝑓kl2G0lmno]K ); 
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𝐿 = 𝑓kl2G0lmno]K 𝐿]K + 𝑓[Lpqr10lm]K 𝐿]K + 𝑓tz{240KLr|^2 𝐿^2 

Once all parameters have been determined, a simple energy conservation estimate 

may be employed to estimate the energy density necessary to melt a metal, 𝛼, with density 

𝜌0Kk}0 and solidus temperature at 𝑇GLK| starting at an initial temperature (𝑇&) and powder 

bed density of 𝜌kq�1Ll 

𝐸|q|0K = 𝜌n𝜌kq�1Ll𝑐k 𝑇GLK| − 𝑇& + 𝐿J𝜌GL|0K 

While these estimates may not provide the exact energy input necessary to completely melt 

the powder, they do provide a method of scaling energy densities when comparing various 

materials or processing routes. Thus, the ratios between the energy densities predicted to 

melt materials, depicted in Table 6, may be the most useful result of these calculations.  

 

 Pure 
Aluminum 

Aluminum 
6061 A360/AlSi10Mg AlSi10MgSiEquiv. 

Pure Aluminum 1 0.942 0.879 1.003 
Aluminum 6061 1.061 1 0.933 1.064 
A360/AlSi10Mg 1.138 1.072 1 1.141 

AlSi10MgSiEquiv. 0.997 0.940 0.877 1 

Table 6: Comparison Energy Densities (Ratios Between Materials) Necessary to 
Complete Melting 

 

Aluminum 6061 Produced at Elevated Temperature 

Elevating the bed temperature decreases the temperature gradient during 

solidification. Thus, an experiment was conducted utilizing a modified EOS M280 

Machine in which a Macor® insulated heater was installed below the build plate. This 

addition allowed the powder to be processed at an elevated temperature of 200°C as 
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opposed to the standard operating condition of 35°C thereby reducing thermal stress within 

the part. 

At elevated temperature less energy is needed to initiate and sustain melting; thus, 

energy densities of the control group were adjusted to account for the bed temperature. A 

correction factor was calculated to scale the energy density for use with a bed temperature 

of 200°C. The correction factor represents the ratio between the specific energies necessary 

to melt the mixture starting at 35°C and 200° C.  

𝑓 =
𝑒'&&oGLK|
𝑒`�oGLK|

	≈ 0.827 

The ten parameter sets corresponding to those utilized by Watt and Cohen to produce the 

mechanical test specimens described in Chapter 2 were scaled for use at an elevated build 

temperature by applying the correction factor to the laser power. For each parameter set, 

five samples were produced. Metallographic test specimens consisting of 8	×	8	×	3 mm 

cubes were also produced. Table 7 illustrates parameters sets utilized for the elevated 

temperature pre-alloyed AA6061 experiment. Note that the scan speed varies between 75 

mm/s and 940 mm/s while the power varies between 169 W and 306 W.  

Following a successful production run, the mechanical test specimens underwent 

flexural testing while the metallographic samples were section polished and analyzed by 

both optical and electron microscopy. 
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Identification 
Number 

Beam power 
(W) 

Scan speed 
(mm/s) 

Scan spacing 
(mm) 

1 306  940 0.08 
2 245  752 0.08 
3 183  564 0.19 
4 283  752 0.08 
5 230  376 0.08 
6 264  752 0.13 
7 283  752 0.13 
8 169  75.2 0.08 
9 169  75.2 0.13 

10 264  500 0.19 

Table 7: Processing Parameters for the AA 6061 Experiment Utilizing and Elevated Bed 
Temperature 

Elemental Al-Si Mixture 

The purpose of this experiment was to determine an alternative processing route for 

off-eutectic aluminum alloys. In contrast to the previous experiments, the feedstock 

consisted of an elemental mixture of aluminum and silicon in concentrations which mimic 

that found in AA 6061. Magnesium, the second primary alloying element, was excluded in 

this experiment due to safety concerns and the reduced effect magnesium has on the 

solidification range of the final alloy. As silicon was predicted to have the highest impact 

on solidification cracking and the dissolution of the silicon within the aluminum matrix 

was of primary concern, preliminary analysis which is presented in this thesis focused 

solely on aluminum-silicon mixtures to assess the feasibility of the approach. 

After analysis of the flexure samples (experiment 3), it was noted that eight of the 

ten “best” candidate samples had similar two-dimensional volumetric energy densities of 

approximately 16	𝐽/𝑚𝑚` and adiabatic volumetric energy densities of approximately 

121	𝐽/𝑚𝑚`. Thus, theses values were used as a basis for the design of experiment; 
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however, this experiment utilized a mixture of pure metal component powders which were 

alloyed post processing. 

Since the aluminum-silicon-magnesium system, of which AA 6061 is a part, is a 

eutectic type system, the AA 6061 processing parameters must be modified to account for 

the increased melting temperature of the pure metal elements. As with the elevated 

temperature build experiment, the process started by energy-density-to-melt ratios between 

pure aluminum and AA 6061. As shown in Table 6, the energy density required to melt 

pure aluminum is approximately 6.1% higher than that needed to melt the pre-alloyed AA 

6061 powder. The energy bases (16 J/mm3 and 121 J/mm3) were then multiplied by this 

ratio to obtain 17.03 J/mm3 and 129.4 J/mm3 for the two dimensional energy density and 

adiabatic energy density, respectively. 

 Once the modified basis was calculated, scan speeds of 750 mm/s, 375 mm/s, 187.5 

mm/s and 75 mm/s (i.e. fractional multiples of 750 mm/s) were selected. The first 

parameter set was created by selecting 750 mm/s as the scan sped and attempting to match 

the adiabatic energy density to the basis. This resulted in a two-dimensional energy density 

of 13.09 J/mm3. Then, for each selected scan speed, two parameter sets were developed: 

the first matched the modified two dimensional energy density from the AA 6061 

experiment (17.03 J/mm3) while the other matched the two-dimensional energy density 

calculated from matching the modified adiabatic energy density (13.09 J/mm3). Parameters 

were chosen to match the two dimensional energy density of the adiabatic match instead 

of allowing all cases to match the 129.4 J/mm3 value, since it was noted that this parameter 

gave the best correlation to part quality in the first three experiments. After calculations of 

these basic scan parameters were developed, the laser powder determined for sample 

number 2 was higher than that capable by the M280, therefore the scan speed was reduced 

until an acceptable laser power was established. 
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 Since the correction factor used to modify the energy density is not exact, several 

additional parameters were created with correction factors of +5%, +10%, and -5% applied 

to the energy-to-melt ratio utilized to modify the energy densities. These calculations 

resulted in samples numbers 10 through 12. As noted earlier, the energy density basis 

utilized for samples 1-12 were based off eight of ten of the “best” samples in the AA 6061 

experiments. The final two parameter sets were designed to match the two dimensional 

energy densities of the other two “best” samples (14.73 J/mm3). The resulting build 

parameters are shown in Table 8 and Figure 19. 

Table 8: Processing Parameters for the Al-Si Elemental Powder Experiment 

Run 
# 

Beam 
Power 

(W) 

Scan 
Speed 

(mm/s) 

Energy 
Density 
(J/mm3) 

Energy density + 
2D diffusion 

(J/mm3) 
Notes 

1 313 750 129 13.09 Base Adiabatic Match 

2 370 544 210 17.03 Base 2D Diffusion Match 

3 258 375 212 13.09 ½ Base Adiabatic Match 

4 335 375 276 17.03 ½ Base Diffusion Match 

5 192 75 792 13.09 1/10 Base Adiabatic Match 

6 250 75 1030 17.03 1/10 Base Diffusion Match 

7 222 187.5 366 13.09 ¼ Base Adiabatic Match 

8 288 187.5 476 17.03 ¼ Base Diffusion Match 

9 284 544 161 13.09 Match Case 2 Scan Speed 

10 351 375 289 17.83 +5% Multiplication Factor 

11 367 375 303 18.63 +10% Multiplication 
Factor 

12 319 375 264 16.23 -5% Multiplication Factor 
13 370 870 131 14.73 Low Density Run 

14 301 435 214 14.73 ½ Low Density Run 
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The scan spacing for each parameter set was kept constant at 0.08 mm. Each sample 

was created in the standard metallographic test cube geometry designed for the previous 

experiments.  After production, all samples would be examined utilizing electron and 

optical microscopy. EDS would be utilized to determine local and global compositions. 

Furthermore, hardness testing would be accomplished to provide evidence of successful 

alloying. 

FEEDSTOCK 

The feedstock for this experiment consisted of commercially pure powders of both 

aluminum and silicon. The original aluminum powder was found to not be suitable for the 

SLM process due to poor flowability caused by irregular powder shape; thus a second 

supplier was found which produced powder capable of meeting specifications necessary 

for successful processing through additive manufacturing. 

Figure 19: Parameter Map for Elemental Mixture Experiment 
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Aluminum 

Initial experiments utilizing elemental mixtures employed 99.4 wt.% Al and 0.06 

wt.% Si sourced from Alfa Aesar® (denoted Al-Siv1). During the SLM process, the 

powder exhibited poor flow-ability which resulted in a failed build. While the initial 

hypothesis was that moisture resulted in caking of the powder, measurements taken by 

Stratasys Direct Manufacturing® (SDM) indicated a humidity level within the powder 

below 1%. Therefore, shear cell testing with a FT-4 Powder Rheometer was performed by 

SDM to investigate the cause of failure. Powders characterized by high cohesion and 

unconfined yield strength (UYS) values typically display poor flowability during the SLM 

process. Results indicated that the powder exhibited significantly larger values for cohesion 

and UYS than commercially available AM feedstock powders. To compare powder 

flowability, it is useful to utilize the powder flowability function, 𝑓𝑓p, which represents the 

ratio between the consolidation stress and UYS. The lower the value of 𝑓𝑓p, the better 

flowing the powder.54 For additive manufacturing, powders that have a flowability function 

value of greater than 10 represent easy-flowing powder.  Table 9 and Figure 20 illustrate 

the flowability analysis results.  Shear cell testing was accomplished using a FT-4 Powder 

Rheometer. 

 

Material Cohesion [kPa] UYS [kPa] 𝒇𝒇𝒄 

Al-Si Mixture (Alfa Aesar) 0.74 2.73 6.00 

AlSi10Mg 0.09 0.29 29.29 

Inconel 0.28 0.97 29.31 

Ti64 0.18 0.52 22.30 

Table 9: Comparison of Shear Cell Test Results Between Commercially Available AM 
Feedstock and the First Al-Si Mixture 
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Results indicate that the aluminum mixture sourced from Alfa Aesar was 

characterized by significantly degraded flowability with a 𝑓𝑓p value well above that of 

commercial AM feedstock. To determine the cause of the flowability issues, the powder 

was imaged using an SEM. Images showed that the powder sourced from Alfa Aesar was 

of irregular form and possessed a wide distribution of particle sizes. The wide particle size 

distribution was further exacerbated by an exorbitant amount of agglomeration within the 

powder. The powder morphology was reminiscent of that resulting from the water 

atomization process. Particles were highly non-spherical with a long tear drop-like form. 

Larger particles were typically surrounded by a large number of satellite particles. 

Particle Size Distribution (PSD) analysis, utilizing a MicroTrac S3500 configured 

with parameters shown in Table 10, confirmed that the Alfa Aesar sourced powder was 

characterized by a wide PSD with a long tail preferential to the smallest particle sizes. The 

Figure 20: Comparison of Shear Cell Test Results Between Commercially 
Available AM Feedstock and the Al-Si Mixtures 
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particle mean size was 17.4 μm with a standard deviation of 10.01 μm compared to 33.32 

μm and 15.28 μm for commercially available AlSi10Mg.  

 To increase flowability, gas atomized powder was sourced from Valimet; two 

containers of H-30 aluminum powder were bought. As noted in the introduction, gas 

atomization results in highly spherical powders which can be sieved to obtain a tight 

particle distribution. Table 11 displays the chemical and physical properties of the 

aluminum powder sourced from Valimet. 

 
Parameter Value Parameter Value 

Distribution Volume Transparency Reflecting 
Progression Standard Particle Shape Spherical 
Number of Channels 42 Fluid Air 
Residuals Disabled Loading Factor 0.024 
Analysis Mode S3000 Transmission 0.98 
Run Time 5 seconds RMS Residuals 0.70% 
Run Number Average of 2 Dry Mode One Shot 

Table 10: Parameters for Particle Size Distribution Analysis of Al-Siv1 

 

Figure 21: Particle Size Distribution Comparison Between AlSi10Mg and Al-Siv1 
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Composition 
Aluminum wt.%, min 99.7 
Volatile wt.%, max 0.1 

Oil & Grease wt.%, max 0.2 
Iron wt.%, max 0.2 
 

Fisher Average Particle Size 
APS (Fisher) min. 20.0 
APS (Fisher) max. 30.0 
 

Sieve Analysis 
-200 wt.% 99.5 min 
-325 wt.% 85.0 min 
 

Microtrac Analysis (Nominal Values) 
90% 58.0 
50% 31.0 
10% 15.0 

Table 11: Chemical and Physical Characteristics of Valimet Sourced Aluminum Powder 
(Al-Siv2) 

Upon receipt of the powder, another mixture of aluminum and silicon was prepared 

(denoted hereon out as Al-Siv2). Particle size distribution (with testing parameters as noted 

in Table 12) and shear cell testing analysis were performed on the Al-Siv2 mixture. As 

shown in Figure 20, the Valimet sourced powder fared considerably better during the shear 

cell testing. The results were comparable to commercially available AlSi10Mg which has 

proven reliable for the SLM process. The PSD analysis resulted in a tight particle 

distribution centered at 36 μm with a standard deviation of 15 μm as shown in Figure 22. 
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Parameter Value Parameter Value 
Distribution Volume Transparency Absorbing 
Progression Geom 8 Root Particle Shape Irregular 
Number of Channels 84 Fluid Air 
Residuals Disabled Loading Factor 0.0488 
Analysis Mode S3000/3500 Transmission 0.985 
Run Time 5 seconds RMS Residuals 0.59% 
Run Number Average of 2 Dry Mode One Shot 

Table 12: Parameters for Particle Size Distribution Analysis of Al-Siv2 

 

 

Further SEM imaging showed little agglomeration and mostly spherical particles. 

While not all of the particles were spherical, the gas atomization process provides powder 

of sufficiently spherical form. To obtain powder with an even tighter PSD and more 

spherical shape, the production process would have to be changed to plasma atomization 

which greatly increases cost and procurement time as a specialized batch would have to be 

Figure 22: Particle Size Distribution for Al-Siv2 
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created. Figure 23 shows a comparison of the aluminum powder used in Al-Siv1 and 

Al0Siv2. Note the distinct change in form and agglomeration between the two powder 

sources. 

 

Silicon 

The silicon utilized to create the elemental mixture was sourced from Alpha Aesar. 

Unlike aluminum powder which is produced through an atomization process, silicon is 

crushed to obtain the final particle size. Thus, the final geometry of the particles tends to 

be highly faceted. This faceted nature allows for the silicon to be identified upon analyzing 

the SLM samples post-build with EDS. 

The silicon powder was specified as crystalline in nature having a particle size 

of -325 mesh. The composition was assured to be 99.5% pure on a metals basis. The 

particle size of the received powder was significantly smaller than that specified with a D50 

of 4.29 μm. The certificate of analysis revealed the composition to be 99.8% silicon with 

the largest impurity being 0.09% aluminum. 

Figure 23: Comparison of Alfa Aesar Sourced Powder and Valimet Sourced Aluminum 
Feedstock Powder 
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Mixture Preparation 

The mixture was prepared by mixing 99.4 wt.% aluminum and 0.06 wt.% silicon 

on a U.S. Stoneware 802CVM ball mill with no additional media for five hours. PSD and 

flowability analysis were then performed by Stratasys Direct Manufacturing. 

FLEXURAL TESTING 

Similar to the experiment conducted by Watt and Cohen 44,45, each mechanical 

testing specimen (those produced in the elevated temperature experiment) was first 

measured to ensure dimensional accuracy. Five specimens of each of the ten parameter sets 

were then placed in a Instron 3345 Single Column Universal Testing System configured 

for three-point bending at an extension rate (𝑠) of 14 mm/min, span (L) of 57 mm, and a 

maximum extension (𝑠G0H) of 10 mm.  The flexural strength was calculated by the 

following formula along with the mean and standard deviation for each sample set.  

	𝜎JKLH =
3𝐹𝐿
𝑤𝑡' 

Figure 24: SEM Image of Silicon Powder Utilized in Elemental Mixture 
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MICROSCOPY 

Each sample was analyzed in the as-processed state. Samples were then ranked 

based upon defect density and surface quality. The two best samples underwent 

homogenization and were tested to ensure successful alloying. 

Polishing 

Analysis of As-Built AA6061 Samples 

Several techniques were utilized within the analysis. Prior to sectioning, the surface 

of each sample was imaged using a JEOL JSM-5610 scanning electron microscope. 

Samples were qualitatively ranked based on surface roughness and apparent crack density 

and porosity. Following analysis of the surface, each sample was sectioned with a fine 

tooth hack saw to reduce cost and mounted in EpoFix™, a clear epoxy with low viscosity, 

using FixiForm 1 ½” mounting cups.  

The standard ratio of resin and hardener resulted in an unacceptable amount of 

bubbles within the mount emanating from the support structures. Thus, the ratio of hardener 

to resin in subsequent mounts was lowered slightly from 15:2 to approximately 18:2. While 

this ratio increases the hardening time from 12 hours to approximately 24-36 hours, the 

resulting mount is dense, resulting in less contamination throughout the polishing phase. 

After mounting, all samples were polished through the progression shown in Table 13. 

Note that the initial grinding steps were prolonged as to remove any material which was 

affected by the sectioning process. 
 



 56 

Surface Solution Force Speed 
(RPM) Time Post Cleaning/Notes 

Silicon Carbide 
500 grit -- 25 N 250 Until 

Planar+2 min 
Warm Water -> 

Ultrasonic Cleaning 
Silicon Carbide 

1200 grit -- 25 N 250 3-4 min Warm Water -> 
Ultrasonic Cleaning 

MD- Dac 9 μm Diamond 
Suspension 25 N 200 4 min Warm Water -> 

Ultrasonic Cleaning 

MD- Floc 3 μm Diamond 
Suspension 25 N 200 4 min Warm Water -> 

Ultrasonic Cleaning 

MD- Mol 1 μm Diamond 
Suspension 15 N 150 4 min Warm Water -> 

Ultrasonic Cleaning 

Table 13: Polishing Process for AA6061 Samples 

Analysis of As-Processed Elementally Produced Samples 

Following analysis of the surface, each sample was sectioned with a low speed 

diamond saw and mounted utilizing the corrected resin-to-hardener ratio found earlier. 

After mounting, all samples were polished down to 1 μm with select samples being 

polished further to 0.4 μm colloidal silica. Samples which were to undergo EDS analysis 

did not receive a final polishing with colloidal silica as to not contaminate the results. 

Table 14: Polishing Process for Al-Si Elemental Aluminum Experiment 

Surface Solution Force Speed (RPM) Time Post Cleaning/Notes 
Silicon Carbide 

500 grit -- 25 N 250 Until 
Planar 

Warm Water -> 
Ethanol 

Silicon Carbide 
1200 grit -- 25 N 250 3-4 

min 
Warm Water -> 

Ethanol 
MD- Dac 9 μm Diamond 

Suspension 25 N 200 5 min Warm Water -> 
Ethanol 

MD- Floc 3 μm Diamond 
Suspension 25 N 200 5 min Warm Water -> 

Ethanol 

MD- Mol 1 μm Diamond 
Suspension 25 N 150 4 min Warm Water -> 

Ethanol 

MD- Chem 0.4 μm Colloidal 
Silica 15 N 150 5 min 

30 sec 
Warm Water -> 

Ethanol 
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Optical Microscopy 

After polishing all samples were imaged in both bright and dark field using a Nikon 

Eclipse ME600 optical microscope to investigate crack density and apparent porosity. 

Specific attention was paid to the morphology of the cracking and the type and location of 

porosity. Samples were imaged at several magnifications; however, in all images, the 

direction toward top of the part corresponds to the top of the image. Thus the build direction 

is vertical in all cross-sectional images presented in this thesis. Optical analysis was 

performed on both the as-built samples and the heat-treated samples. 

Secondary Electron Microscopy 

Several techniques were utilized within the analysis. Prior to sectioning, the surface 

of each sample was imaged using a JEOL JSM-5610 scanning electron microscope. Images 

were typically taken at an acceleration voltage of 20 kV and working distance of 20 mm. 

The beam diameter was typically held at a value of 25; however, high magnification images 

required a slight decrease to 20.   

Samples were qualitatively ranked based on surface roughness and apparent crack 

density and porosity. Specific attention was paid to the location of cracking throughout the 

top surface of the part.  

After sectioning, secondary electron images were taken to qualify the type of 

cracking and porosity throughout the internal structure of the specimen. All images were 

taken perpendicular to the build plane with the top surface of the specimen located toward 

the upper edge of the image.  

Energy Dispersive Spectroscopy (EDS) 

EDS analysis was performed on both the as-built and heat treated samples. Samples 

were scanned for a total of 17 frames resulting in an average exposure time of 
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approximately 10 minutes. Elemental composition maps were constructed for aluminum 

and silicon. Images obtained from EDS of the as-processed and heat treated samples were 

scaled in post-processing to allow for comparison, as the EDS software scales each image 

independently prohibiting direct comparison. The source code utilized during scaling is 

available in the appendix. A minimum of five images were gathered for the two highest 

ranking samples (as judged during optical analysis) in an as-built and heat treated 

condition. 

HEAT TREATMENT 

Specimens, which displayed the highest apparent density during the preliminary 

analysis samples were homogenized in a Lindberg tube furnace. A simplified one-

dimensional random walk analysis predicted a homogenization time of 20 min at 600°C. 

To ensure, complete homogenization, samples were held at the homogenization 

temperature of 600°C for 1 hour. To reduce complexity and cost, an inert environment was 

not utilized. It was predicted that the short solutionizing time would prevent long-range 

diffusion of oxygen resulting in only a thin surface oxide layer. Following homogenization, 

samples were quenched in tap water, sectioned, and polished. 

HARDNESS TESTING 

The author predicted that the dissolution of silicon within the aluminum matrix 

would increase the hardness of each sample by straining the aluminum matrix. Thus, an 

increase in hardness would be indicative of successful alloying. A Vikers hardness test was 

utilized with an applied force of 5 kg applied for 3 seconds. A dwell time of 10 seconds 

was employed. Five indentations were made with a Instron Tukon 2100 micro-hardness 

tester in the as-built samples, while only 3 indentations were possible in the heat treated 

samples due to the small surface area remaining after being sectioned twice. After all 
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indentations were made, the diagonals were measured with an optical microscope and the 

hardness computed with the following formula where F is the applied force in kgf and davg 

is the average diagonal length: 

𝐻𝑉 =
2 sin $`�°

'
𝐹

𝑑045' 	
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Chapter 5:  Results 

The results from each experiment are related in this chapter. As many images were 

taken, only select samples are presented within the chapter. Additional data and images are 

available via the appendix. Selected source code utilized in the computation of the results 

is also available in the appendix 

ALUMINUM 6061 PRODUCED AT ELEVATED TEMPERATURE RESULTS 

This experiment encompassed both flexural testing and analysis through several 

microscopy techniques. The samples were produced in a fashion which allowed 

comparison to samples built during the initial experiments conducted by Watt and Cohen 
44,45 experiments. 

Flexural Testing 

All fifty test specimens were built successfully and tested under three point bending 

for flexural strength utilizing the same testing parameters as the preliminary experiment by 

Watt and Cohen 44,45. As illustrated by Table 15, the maximum observed flexural strength 

was 109.05 MPa while the minimum was 56.38 MPa. It is noted that while the maximum 

obtained flexural strength was decreased to approximately 60% of that seen in the 

preliminary experiment, the minimum observed flexural strength was not significantly 

affected. 

For a majority of the processing parameters tested, the standard deviation between 

specimens belonging to the same sample set was not reduced from that found in 

preliminary testing. The best performing samples were those with the lowest scan speed of 

75 mm/s. Specimens produced by the largest scan speeds were among the poorest 
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performers. Figure 25 displays the data obtained from flexural testing of the fifty test 

specimens.  

 
Sample Set 
Number 

Power 
(W) 

Speed 
(mm/s) 

Scan 
Spacing 
(mm) 

Mean Flexural 
Strength (MPa) 

Standard 
Deviation (MPa) 

1 306 940 0.08 57.16 2.82 
2 245 752 0.08 73.95 12.76 
3 183 564 0.19 81.97 1.2 
4 283 752 0.08 58.51 4.15 
5 230 376 0.08 83.61 4.67 
6 264 752 0.13 62.5 1.43 
7 283 752 0.13 56.38 10.73 
8 169 75.2 0.08 109.05 2.31 
9 169 75.2 0.13 103.94 2.12 
10 264 500 0.19 58.73 4.12 

Table 15: Flexural Strength Testing Results for Experiment 2:AA 6061 Elevated 
Temperature Testing 

Figure 25: Flexural Strength Testing Results for Experiment 3:AA 
6061 Elevated Temperature Test 
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Optical Microscopy of Samples Produced from Pre-alloyed AA6061 Power 

The metallographic samples produced in this experiment may be related to specific 

specimens from the control experiment. The metallographic samples showed a general 

decrease in crack density; however, an increase in the void size is quite noticeable. Samples 

3 and 4 showed a significant increase in the presence of fusion errors, defects arising from 

a lack of sufficient energy to induce complete melting. Furthermore, while the number of 

cracks decreased, the average crack length noticeably increased in samples processed at an 

elevated ambient temperature. Sample 10 represented an anomalous specimen. In this 

sample, no internal cracking was observed during optical analysis, and pore size was 

among the smallest seen; however, the flexural strength was among the worst observed in 

any of the sample sets. It is interesting to note that only after a standard T6 temper, a large 

amount of cracking became apparent within this sample. Figure 26 compares the as-built 

and heat treated sample 10. Figure 27 compares samples processed at SLM preheat build 

temperatures of 35°C and 200°C. Note that the sample number labels correspond to the 

numbering for the samples produced at an elevated bed temperature.  

Figure 26: Comparison of Sample 10 Before and After Heat Treatment (Elevated 
Temperature Build) 
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Electron Microscopy of Samples Produced from Pre-alloyed AA6061 Power 

Internal porosity and cracking were examined utilizing electron microscopy on 

samples 1, 3, 4, 7, and 10.  

Figure 27: Micrograph Comparison Between Samples Processed at SLM preheat temperatures of 
35°C and 200°C 
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Porosity 

There were three main types of porosity observed within the parts. The first 

consisted of porosity surrounded by partially melted powder as seen in Figure 28. The 

second type of porosity observed was characterized as being highly spherical ranging in 

void size throughout the part. The largest of these spherical voids were found near the edge 

of the specimens. Figure 29 highlights several examples of this type of porosity ranging in 

size from small to large.  The inner surface had limited roughness with the majority of the 

void surface being smooth. 

Figure 28: SEM Image of Porosity Induced by Partial Melting in an AA6061 Elevated 
Temperature Sample 

Figure 29: SEM Image of an AA6061 Elevated Temperature Sample Showing 
Spherical Porosity 
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The final type of porosity observed was highly faceted, leaving jagged edges after 

polishing. This type of porosity exhibited a large average void size compared to the 

spherical porosity. Furthermore, while spherical porosity was often intersected by small 

cracks, this type of porosity was found in largely crack free areas. 

 

Cracking 

Two types of cracking were noted upon observation: thin cracks running parallel to 

the build direction and wider cracks perpendicular to the build direction.  

The first type of cracking was observed in the majority of the samples. Surprisingly, 

sample 10, in which no cracking was observed with optical microscopy, exhibited a large 

number of cracks when examined by SEM. This observation could be attributed to the 

small width of the cracking combined with the tendency of SEM to accentuate cracking 

while minimizing the effect of polishing scratches.  

 

Figure 30: Faceted Porosity in AA6061 Elevated Temperature Specimens (note: 
magnification is dissimilar in the two images) 
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Tendrils were observed crossing this type of crack when imaged at high 

magnification such as in highlighted in Figure 32. 

The second type of cracking ran perpendicular to the build direction. This form of 

cracking exhibited a larger gap between the two boundaries, as shown in Figure 33. This 

type of cracking was rare and only seen in the worst performing specimens.  

 

Figure 31: SEM Images Showing Cracking Parallel to the Build Direction in AA6061 Elevated 
Temperature Specimens 

Figure 32: High Magnification Image of Crack in an AA6061 Elevated Temperature 
Specimen Highlighting a "Tendril" Crossing the Crack 
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ELEMENTAL AL-SI MIXTURE RESULTS 

The analysis of the elemental mixture experiment consisted of optical microscopy, 

electron microscopy, energy dispersive spectroscopy, and hardness testing.  

Electron Microscopy of Elementally Produced Samples 

Prior to sectioning, the top surfaces of the samples were imaged by a scanning 

electron microscope to qualitatively analyze the surface quality and note any external 

cracking if present. Sample 9, shown in Figure 35, represents a typical surface finish for 

the majority of the samples. However, as illustrated in Figure 34, surface finish varied 

greatly. Samples 5 and 7 showed significant porosity as seen from the surface resulting in 

an inferior surface finish. In contrast, samples 12 and 14 show a smooth surface at the cost 

of slightly degraded feature detail. 

 

 

 

 

Figure 33: Typical Cracking Perpendicular to the Build Direction as Seen in Samples 
from the AA6061 Elevated Temperature Experiment 
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Figure 34: SEM Imaging of Top Build Surface Experiment 2: Elemental Al-Si 
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Surface cracking was seen in every sample to varying degrees. While most cracking 

appeared to be short and confined within an individual scan track or scan track boundary, 

several samples showed a limited number of larger cracks which intersected several scan 

tracks. An increase in crack density was noted in close proximity to design features (the 

sample numbers embossed onto the top of each sample). Figure 36 illustrates cracking 

emanating from design features in sample 10. In most cases cracks were backfilled with 

un-melted powder. 

 

Figure 35: Typical Surface Quality of Elementally Produced Samples 

Figure 36: Typical Surface Cracking Located Near Design Features 
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Higher magnification images, such as those shown in Figure 37, did not indicate 

that these defects were caused by solidification shrinkage. Tendrils, which are normally 

present in examples of hot tearing, were not present. Instead, the inner surface of the crack 

was “wavy”.  

Optical Microscopy of Elementally Produced Samples 

After sectioning and polishing, all samples were imaged in several locations. 

Samples, shown in Figure 38, presented with a wide range of crack density and void size; 

however, all samples within this build showed significant improvement on crack formation 

and growth when compared to the control experiments. Sample 9 displayed the highest 

apparent density and negligible cracking when compared to samples processed utilizing 

pre-alloyed powder in the previous experiments. While cracking was present in many of 

the samples, cracking did not show evidence of being induced by solidification shrinkage 

as in the AA 6061 specimens.  

Figure 37: High Magnification Image of Cracking in Sample 10 
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Figure 38: Optical Micrographs of Experiment 4: Al-Si Elemental Mixture 
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Energy Dispersive Spectroscopy of Elementally Produced Samples  

To locate individual silicon particles within the aluminum matrix, EDS mapping 

was employed. As sample 9 showed the highest apparent density during the optical 

analysis, this sample was used during the majority of the EDS imaging. As it was 

hypothesized that the silicon would remain in the solid state during the SLM process and 

then go into solution after heat treatment, EDS maps were obtained for sample 9 before 

and after heat treatment. Since the software used to obtain the EDS maps automatically 

scaled the data for each individual area of interest, a computer program was created which 

allowed for the creation of several EDS maps which were scaled identically. 

Prior to heat treatment, silicon particles were easily found dispersed throughout the 

aluminum matrix, shown in Figure 39 as the dark areas. High magnification images of 

these areas, seen in Figure 40, revealed silicon particles with highly faceted surfaces. 

 

 

Figure 39: Energy Dispersive Spectroscopy Map of Sample 9 (as-built) 
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After heat treatment, EDS mapping showed a decrease in the number of silicon 

particles located throughout the matrix.  Furthermore, the average size of silicon particles 

observed in the heat treated material was smaller than that found within the as-built 

samples. Figure 41 displays an EDS map of sample 9 after heat treatment. Note that, in 

contrast to the as-built sample, several EDS maps were taken before a silicon particle was 

located in the heat treated sample. 

 

Figure 40: High Magnification Secondary Electron Image (left) and EDS Map (right) 
of a Silicon Particle Embedded in Sample 9 (as-built) 

Figure 41: Energy Dispersive Spectroscopy Map of Sample 9 (heat treated) 
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Hardness Testing of Elementally Produced Samples 

To indirectly measure if the silicon had diffused within the aluminum matrix, 

sample 9 underwent hardness testing before and after heat treatment. As the heat treated 

sample was only a fourth of the original metallographic sample having been sectioned once 

for optical analysis then again for analysis post-heat treatment, it was only practical to 

create three indentations used to calculate the hardness. The as-built sample which was 

much larger, having only been sectioned once, was indented 5 times. The mean and 

standard deviation of the Vickers hardness as calculated from each indentation was 

computed to be 33.48 kgf/mm2 and 1.70 kgf/mm2 respectively for the as-built sample. The 

heat treated sample indicated a mean density of 30.47 kgf/mm2 with a standard deviation 

of 0.25 kgf/mm2. Hardness testing data is presented in Table 16 and Table 17. 

 

Indentation 
Number 

Diagonal 
Length 1 

(μm) 

Diagonal 
Length 2 

(μm) 

Average 
Length 

(μm) 

Vikers 
Hardness 
(kgf/mm2) 

1 545.40 530.45 537.93 32.04 

2 532.74 528.11 530.43 32.96 

3 512.74 503.55 508.15 35.91 

4 516.87 519.59 518.23 34.52 

5 533.25 543.64 538.45 31.98 

Mean Hardness 33.48 kgf/mm2 

Standard Deviation of Hardness 1.70 kgf/mm2 

Table 16: Hardness Testing Results for As-Built Al-Si Mixture (Sample 9) 
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Indentation 
Number 

Diagonal 
Length 1 

(μm) 

Diagonal 
Length 2 

(μm) 

Average 
Length 

(μm) 

Vikers 
Hardness 
(kgf/mm2) 

1 556.04 544.13 550.09 30.64 

2 547.10 554.18 550.64 30.58 

3 561.54 547.12 554.33 30.17 

Mean Hardness 30.47 kgf/mm2 

Standard Deviation of Hardness 0.25 kgf/mm2 

Table 17: Hardness Testing Results for Heat Treated Al-Si Mixture (Sample 9)
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Chapter 6:  Discussion 

PRE-ALLOYED AA6061 CONTROL EXPERIMENTS 

This section discusses several trends observed from samples produced from pre-

alloyed AA6061 powder feedstock. An emphasis is placed upon the effect of various 

processing parameters on the mechanical properties and crack formation within test 

specimens. 

Effect of Elevated Build Temperature on Strength 

Experiments showed a decrease in flexural strength in specimens produced at an 

elevated bed temperature of 200°C verses specimens produced at a standard operating 

temperature of 35°C, as shown in Figure 42. By increasing the bed temperature, the residual 

Figure 42: Comparison Between Flexural Strengths of Pre-Alloyed 35°C Build 
(Control) and the 200°C Build (Elevated temperature) Specimens  
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stresses within the part are diminished. Residual stresses within additively manufactured 

parts can have both positive and negative effects on the final mechanical properties. By 

lowering the residual stresses within the part, strength can diminish in much the same way 

the anneal processes relieves internal stresses resulting in diminished yield strength. 

However, a reduction in thermal stresses has been shown to increase dimensional accuracy 

and reduce cracking.  

Experiments results showed that while the parts exhibited a decreased strength the 

reliability of the process to produce viable parts was increased as all parts were successfully 

produced in the elevated temperature experiment which was not the case in the control.  

Effect of Elevated Build Temperature on Cracking 

A reduction in cracking was seen throughout the samples; however, porosity was 

increased. The reduction in cracking can be attributed to the decrease in local stresses 

applied to the part during the repeated thermal cycling characteristic of additive 

manufacturing technologies. Large thermal gradients arising from the rapid scanning of the 

laser source induce large stresses within the part. If internal stresses rise above the yield 

strength of the material, plastic deformation results often culminating in the formation of 

cracking within the part. Initiation of cracking on one layer due to either residual stresses 

or an unstable melt pool will propagate through to the subsequent layers resulting in 

cracking running parallel to the build direction. 

Effect of Scan Speed and Power on Mechanical Properties of AM Parts Produced 
from Pre-Alloyed AA6061 

The results clearly indicate that the lowest scan speeds produced the parts with the 

best mechanical properties. However, the lower scan speeds also represented specimens 

produced with a higher energy density. All other samples were designed to have a similar 
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volumetric energy density.  Thus, upon superficial inspection, the effects of laser power 

and scan speed may not be distinguished as a lower scan speed necessitates a lower power 

if energy density is held constant. Figure 43 illustrates that flexural strength increased with 

both decreasing scan speed and decreasing power. However, as seen in Figure 44, the scan 

speed shows an apparent linear relationship with the flexural strength albeit with sample 

variation. As the scan speed is reduced, the flexural strength typically increases.  
 

Figure 43: Mechanical Properties (color) versus Processing Parameters of Pre-Alloyed Mechanical 
Test Specimen Experiments 

Figure 44: Flexural Strength versus Scan Speed for AA6061 Pre-Alloyed Specimen 
Experiments  
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In contrast when the flexural strength is compared to laser power, as in Figure 45, there 

appears to be two distinct groupings. Samples produced with comparable energy densities 

showed little improvement with decreasing laser energy while samples produced at the 

lowest scan speeds showed marked improvement over samples with similar powers. 

This suggests that while the laser power must be great enough to initiate and sustain 

complete melting and a stable scan track, scan speed has the greatest influence on the final 

part quality in samples produced with AA6061. These results agree with findings from 

traditional laser welding experiments utilizing heat treatable aluminum alloys. 55 Lower 

scan speeds result in a longer melt pool life, less severe cooling rates, and lower thermal 

gradients as the surrounding material is heated thereby minimizing the formation of 

solidification cracking and residual stresses 

Figure 45:Flexural Strength versus Laser Power for Pre-Alloyed AA6061 Control Specimens 
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Effect of Scan Spacing on Mechanical Properties of AM Parts Produced from Pre-
Alloyed AA6061 

As seen in Figure 46, the scan spacing had only a secondary influence on part 

quality. A decrease in the scan spacing results in a larger overlap between scan tracks. Re-

melting of the scan tracks helps ensure maximum density as molten material is available 

to fill any porosity left by the previous scan. In the control experiments the best sample 

candidates often had similar scan speeds and laser powers while differing in only hatch 

spacing. Furthermore, mechanical testing showed no significant difference between 

samples produced at 0.08 mm, 0.13 mm and 0.19 mm. Note that no low speed samples 

were produced at a hatch spacing of 0.19 mm resulting in no data points populating the 

upper right corner of Figure 46.  

Figure 46: Flexural Strength versus Scan Spacing Pre-alloyed Powder 
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FEASIBILITY OF UTILIZING ELEMENTAL MIXTURES 

The overarching goal of this research was to determine if the use of elemental 

mixtures was feasible processing route to potentially mitigate solidification cracking in 

highly off-eutectic materials. The following section discusses the results of the elemental 

powder processing experiment as well as challenges associated with this approach for use 

with AA6061. 

Feasibility of the Processing Approach 

It was shown that dense parts could be processed by utilizing an elemental mixture 

of aluminum and silicon. Furthermore, crack density was shown to have been significantly 

reduced within these parts; thus providing evidence that this approach deserves more 

analysis and study. 

Optical and electron microscopy showed cracks which were faceted and wavy 

instead of having the “tendrils” such as that associated with hot tear. Cracking of this form 

may be influenced by the thermal history of the region accounting for the observation that 

this type of cracking was more commonly seen near geometrical features. When these 

features are built, the underlying material experiences an increase in thermal stresses as the 

newly formed layer imparts a compressive then tensile force on the base layer. 39 

Furthermore, these design features inherently result in stress concentrators such as sharp 

angles. While the ductility and relatively low yield strength of aluminum limit the amount 

of cracking due to residual stresses within the part, the induced deformation may lead to 

subsequent fusion errors or cracking after the build process is completed. However, the 

exact cause of this cracking is unknown and should be determined in future studies. 

Unlike the pre-alloyed AA6061 feedstock, the elemental mixture behaved as pure 

aluminum. As such the mixture exhibited near congruent melting resulting in a freezing 

point instead of a freezing range. Therefore, during the solidification of the melt pool the 
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thermal stresses are minimized leading to a decrease in defect density within the part. This 

resulted in the significantly improved cracking seen in the elementally produced parts. The 

cracking induced by residual stresses unlike solidification shrinkage are not inherent to the 

material but to the processing conditions. Thus, thermally induced cracking may be 

minimized, if not eliminated, by process optimization.  This condition was evident in 

sample 9 which showed little evidence of cracking. 

 

EDS analysis showed the presence of faceted silicon particles similar size to the 

feedstock within the as-processed aluminum matrix. Since silicon possesses a relatively 

high melting point and low absorption at the processing wavelength, the short thermal 

cycling times are insufficient to allow the silicon to dissolve or diffuse into the surrounding 

matrix. Thus, the composition of the final product should consist of an aluminum matrix 

with imbedded silicon particles with the same morphology as the feedstock distributed 

randomly throughout the part. This is precisely what was seen in the as-processed part. 

During the following homogenization heat treatment, the silicon particles will form a solid 

solution with the aluminum. Therefore, no particles should be observable within the 

homogenized samples. The small number of observable Si particles observed within the 

Figure 47: Comparison of Cracking in Parts Built from Pre-Alloyed AA6061 and the Al-
Si Elemental Mixture 
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heat treated samples is most likely due to large silicon particles that did not completely 

dissolve during the 1 hour solutionizing anneal. A longer heat treatment time would most 

certainly result in the complete dissolution of the particles within the aluminum matrix. 

The presence of randomly distributed silicon particles within the as-processed sample and 

the ability to homogenize the specimen edifies the feasibility of an elemental mixture 

approach to processing. Homogenization of the silicon within the aluminum represents the 

creation of final alloy. Therefore, this approach allows the operator to process one material, 

essentially pure aluminum, and then create the final material in post processing eliminating 

challenges associated with solidification cracking. 

Effects of Scan Speed and Power on Part Quality 

All of the samples were subjectively ranked based upon observed defect density 

and defect size. Figure 48 illustrates the part rank mapped against the processing scan speed 

and laser power. Note that the best sample is ranked as 14. 

 

Figure 48: Sample Quality versus Scan Speed and Power for Al-Si Elemental 
Mixture Samples (Highest=Best) The number denotes the sample rank. 
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Effects of Laser Power on Part Quality 

There is an apparent laser power threshold at approximately 300W above which 

sample quality degrades quickly. Samples produced above this threshold showed an 

increase in average void size. One possible explanation of an increase in void size relates 

to the evaporation of metal during the SLM process. While aluminum has a relatively high 

vaporization point, the centerline of the scan track experiences an increase in aerial energy 

density of approximately 70% as shown in Chapter 2. At high laser power the centerline 

energy density may be great enough to start evaporating the feedstock metals and initiate 

the keyholing process with creation of cavities as discussed by King et.al. 38  It would be 

expected that this phenomenon would be exacerbated by the addition of metal components 

with a low vaporization point such as magnesium.  

The onset of balling could also contribute to the large porosity seen in samples 

processed with high laser power. It has been well established that balling leads to poor part 

quality and is seen at high laser powers. 33,56 Most likely the laser threshold is a combination 

of several such phenomena. Limiting laser power below this threshold leads to increased 

part density and surface quality.  

Effects of Scan Speed on Part Quality 

Unlike in the pre-alloyed samples, scan speed seemed to have little effect on the 

part quality as shown in Figure 49. Scan speed has a direct relationship to the lifetime of 

the melt pool. The seeming invariance of sample quality at differing scan speeds suggests 

that time dependent processes associated with melt pool life are not controlling in the 

elemental mixture of Al-Si, while they are during processing of pre-alloyed powder. One 

such process is the solidification rate. Within the pre-alloyed powder, the solidification rate 

controls the formation of hot tearing within the part. As scan speed is reduced, so is the 

solidification rate, lessening local stresses and inhibiting tearing while the metal is in the 
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mushy zone. As elemental powders melt at a specific temperature, no mushy zone is 

created. 

Observations on Part Density and Porosity 

As shown in Chapter 4, three types of porosity were observed in the elementally 

produced and pre-alloyed parts. The first consisted of voids created by partially melted 

powder. These fusion defects may be caused by one of two mechanisms depending on 

energy density during processing. At low energy densities, heat is dissipated away from 

the melt pool and solidification occurs before densification has occurred. This results in 

large voids with entrapped powder. At higher energy densities, balling can occur leading 

the uneven distribution of powder on subsequent layers. Due to the short life of the melt 

pool, liquid metal is unable to flow into the regions of poor powder distribution. 

Figure 49: Sample Quality versus Scan Speed for Al-Si Elemental Mixture Samples 
(Note that the numbers refer to the sample number not the rank) 
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The second type of porosity seen throughout the elementally produced parts 

consisted of small spherical voids. This type of porosity, often referred to as hydrogen 

porosity or metallurgical porosity, is thought to be caused by the high solubility of 

hydrogen within liquid aluminum. As the part solidifies, the entrapped hydrogen off-

gasses. The off-gassed hydrogen is entrapped within the rapidly solidifying melt pool. At 

high scan speeds this type of porosity will be reduced as the high solidification rates do not 

allow voids to form before solidification is complete. Moisture content of the aluminum 

powder affects the hydrogen porosity within the part. As the laser scans the powder, 

moisture dissociates and forms aluminum oxide and free hydrogen which is absorbed by 

the melt pool in the following reaction. 

2𝐴𝑙 + 3𝐻'𝑂 → 𝐴𝑙'𝑂` + 6𝐻0�[ql�L1	 

The newly created aluminum oxide further inhibits complete densification. 

The third type of porosity, observed predominantly in the pre-alloyed specimens 

observed was characterized by “jagged” and faceted surfaces. This type of void is most 

likely caused by stress fractures which develop during the build process. It is interesting to 

note that the number of cracks found within the parts had an inverse relationship to the 

amount of porosity observed. As the part density decreased beyond a certain limit, voids 

within the part allowed for the relief of the surrounding material. When no such porosity 

was present, residual stresses resulted in the fracturing of the part leading to crack 

formation and propagation throughout subsequent layers. In this way when a large amount 

of porosity is present, voids change behavior from acting as stress concentrators to stress 

relief points. 
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Explanation of Hardness Testing Results 

While it was predicted that the hardness of the material would increase following 

homogenization due to solid solution strengthening, the hardness was shown to decrease. 

This may be accounted for due to the various factors which influence hardness values. 

Material processed by SLM undergoes extremely rapid solidification. As a result, AM parts 

typically possess a small grain size and high residual stresses within the in as-processed 

state. Both of these factors increase the hardness of the material beyond what is seen in 

parts produced by traditional casting.  

Solid solution strengthening, such as that seen in Al-Si alloys, is a result of local 

strains within the lattice caused by the addition of interstitial atoms or the misfit of 

substitution atoms within the matrix. These strains impede dislocation movement leading 

to slightly higher hardness values. However, to obtain solid solution strengthening, the part 

must be homogenized allowing silicon particles to disperse within the matrix. The 

solutionizing processes, operated at a temperature near the melting point of the primary 

matrix, induces grain growth within the part while eliminating much of the residual stresses 

developed during the SLM process. The increase in hardness due to the relatively weak 

solid solution strengthening found in Al-Si alloys and possible second phase strengthening 

that results from silicon which has come out of solution is unable to overcome the loss in 

hardness due to grain growth and stress relief. As a result, a reduction in hardness is 

measured in the heat treated sample. Future work with measuring electrical resistivity could 

determine the amount of solute within the samples. 

Challenges Associated with Processing Elemental Aluminum-Silicon Mixtures 

While elemental powders show promise for opening a vast array of materials for 

processing through SLM, several challenges exist particularly for the wrought family of 

aluminum alloys. Perhaps the four most challenging obstacles to processing elemental 
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aluminum are the propensity of pure aluminum to form a tenacious oxide layer in the 

presence of oxygen, the porosity induced by hydrogen off-gassing, the high reflectivity of 

the pure metal, and the low vaporization temperature of alloying elements. 

Surface Oxide 

The formation of a surface oxide layer has long made processing of pure aluminum 

unattractive to the SLM process. The presence of this oxide layer increases the energy 

density needed to process the metal as the laser source must first “break through” the oxide 

layer. As the melt pool flows into the surrounding metal, pieces of the oxide remain in the 

aluminum matrix degrading part performance and increasing the likelihood of crack 

formation.  This aluminum oxide layer layer inhibits the flow of the melt pool resulting in 

fusion defects as noted by Louvis et. al. 34 As there is currently no economical process to 

produce and process powder without an oxide layer, process parameters must be adapted 

to account for this layer. However, as laser power is increased, it has been shown that 

porosity may form as a result. Therefore, two competing mechanisms are present inhibiting 

full densification. 

Hydrogen Porosity 

Hydrogen porosity also presents a challenge when processing pure aluminum. To 

overcome the high hydrogen solubility within aluminum, it is necessary to ensure both a 

proper processing atmosphere and moisture level throughout the life of the aluminum 

powder. Preheating and drying of the powder during pre-processing may be necessary for 

parts to achieve full densification. Furthermore, attention must be paid to the relationship 

between hydrogen off-gassing and scan speed when designing appropriate processing 

parameters. 
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Reflectivity 

Unlike the presence of an oxide layer and hydrogen porosity, the challenges 

associated with high reflectivity may not be overcome by process optimization and pre-

treatment of the powder. Instead the reflectivity is inherent to the material being processed 

and thus may not change. Boley et.al. 57showed through simulation and experiment that the 

powder absorptivity of aluminum is significantly less than that of metals typically 

processed through SLM. However, the presence of the oxide layer enhances the 

absorptivity to well above that suggested by simulation. Thus, removal of the oxide layer 

which would improve the flow of the melt pool and increase density would necessitate 

higher laser powers to achieve the same absorbed energy density. Higher absorptivity 

inhibits the use of a secondary scan after the powder has been melted. After melting the 

part becomes a near flat surface which readily reflects the incident beam back into the laser 

source causing potential damage to the machine. One option to increase powder 

absorptivity is to coat the feedstock in a higher absorptivity material. However, care must 

be taken to ensure the specified final composition of the alloy.  

Vaporization of Alloying Elements 

One of the challenges associated with processing wrought aluminum alloys is the 

high vapor pressure of the alloying elements. For comparison, aluminum reaches a vapor 

pressure of 10-2 atm at 1782°C while magnesium and zinc reach this vapor pressure at 

699°C and 581°C. 58 The concentrated energy input of the laser can quickly raise the 

temperature of the melt pool high enough to induce vaporization of these alloying elements. 

Thus, the feedstock composition may have to be adjusted to account for material loss. 

Furthermore, heating during the SLM process is non-homogenous. The material located at 

the centerline of the scan track receives a larger portion of the input energy than the material 

located at the side. As shown in the following section, the centerline of the scan track 
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receives approximately 70% more energy input. This may result in selective vaporization 

of alloying elements resulting in a non-homogeneous composition throughout the part. 

Fortunately, the elemental mixture approach utilizes a homogenization treatment after 

production; thus, as long as the global composition of the part is within the range designated 

by the desired alloy, the final product can be produced within design specifications. 

Coefficient of Thermal Expansion 

Further challenges exist due to the high coefficient of thermal expansion (CTE) and 

high thermal conductivity of aluminum. High thermal conductivity results in higher energy 

densities needed to sustain the melt pool and control solidification rates. Coupled with a 

high CTE, large solidification rates and thermal gradients cause thermal stresses to quickly 

build within the part. These stresses result in cracking, a dimensional instability within the 

product. Increasing the bed temperature may help mitigate thermal stresses by decreasing 

the local thermal gradients during production.  

Laser Beam Characteristics Derivation 

While many approximations assume a constant profile of the laser beam with little 

error, the ratio between the energy deposited at the center of the beam and the edges must 

be known if pure metals with low vaporization points are utilized, such as magnesium. 

Lasers utilized in AM are typically well suited to approximation by a Gaussian distribution. 

As such, the energy deposited along the centerline of the scan will be significantly more 

than that along the sides. This situation can result in selectively evaporating certain alloying 

additions.  

Two approximations are presented for comparison: constant beam and a numerical 

integration of the true Gaussian beam profile.  
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Constant Beam Approximation 

Let y be an arbitrary distance above the centerline of the scan track as illustrated in 

Figure 50. Furthermore, let the characteristic diameter of the beam be D. Assuming the 

cross-sectional area of the region of interest of the beam is circular, the width of the laser 

beam at a height y along the scan direction is: 

𝑤 = 2𝑥 = 2
1
4D

' − 𝑦' 

 

 

Assuming the laser scans with a constant velocity, v, and power, P, the aerial energy density 

deposited at y is:  

𝑒0 𝑦 =
8𝑃
𝜋𝐷'𝑣

1
4𝐷

' − 𝑦' 

The average aerial energy density deposited may then be calculated as: 

𝑒0 = 2/𝐷 𝑒 𝑦 𝑑𝑦
</'

&
 

Figure 50: Geometry for Beam Energy Density Calculations after [44] 



 92 

𝑒0 =
𝑃
𝐷𝑣 

Therefore, the ratio between the average aerial energy density and the max centerline 

energy density, 𝑒0 0 , is: 

𝑒G0H
𝑒0

=
4
π 

Note that the constant beam approximation predicts a maximum energy density only ≈1.25 

times higher than the average energy density. The results from the constant analysis are 

shown in Figure 51. 

Gaussian Beam Approximation 

To determine a more suitable approximation for the energy ratio, the beam may be 

approximated to be a Gaussian distribution with an amplitude (I0), center location at (0, 0) 

and standard deviations of 𝜎H and 𝜎m for the x and y dimensions respectively. Thus the 

beam model may be expressed as: 

Figure 51: Constant Beam Aerial Energy Density 
Approximation 



 93 

𝐼 𝑥, 𝑦 = 𝐼&𝑒
o( X

�

��X�
	�	 �

�

����
)
	𝑤ℎ𝑒𝑟𝑒	𝐼& =

𝑃
2𝜋𝜎H𝜎m

 

While this equation may be integrated numerically to yield an analogous solution to the 

solution of the constant beam, the author knows of no closed form analytical solution. 

Therefore, two methods were utilized to approximate the Gaussian beam: an analytical 

solution to a rectangular region encompassing the beam and numerical methods to 

approximate the integral. 

While the numerical approximation does not provide the same insight into the 

effects of the various parameters on the average energy density, this approach provides a 

relatively fast and accurate solution method. Assuming 𝜎H = 𝜎m = 𝜎 , let the bounding 

region be: 

− 𝑛𝜎 ' − 𝑦' < 𝑥 < 𝑛𝜎 ' − 𝑦'
−𝑛𝜎 < 𝑦 < 𝑛𝜎

		𝑤ℎ𝑒𝑟𝑒	𝑛 ∈	ℝ�& 

The energy density at any arbitrary height, y, from the centerline can be found 

exactly as: 

𝑒0 𝑦 =
𝐼&
𝑣 𝜎 2𝜋𝐸𝑟𝑓

𝑛𝜎 ' − 𝑦'

𝜎 2
𝑒o

��

��� 

Integration of this solution across y to obtain the average value necessitates numerical 

methods. The average aerial energy density may be found by calculating the value of 𝑒0 𝑦  

at a sufficient number, denoted N, of evenly distributed sample locations and determining 

the mean. The calculation becomes stable to 2 decimal places at 𝑁 = 54 for 𝑛 = 2, 𝜎 =

0.02025 10o` 	𝑚 and 𝑃 = 370	𝑊. For these parameters which approximate the EOS 

M280, the energy density ratio is approximately 1.76. 
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The energy density ratio approximated by the Gaussian beam is significantly higher 

than that for the constant beam approximation. Therefore, it is possible that metals with a 

low vaporization pressure will evaporate selectively near the beams centerline while 

remaining in the part along the sides. This phenomenon leads to a non-homogeneous 

distribution of alloying additions, increase in the time needed for the homogenization 

treatment and the necessity to include an excess of alloying additions to the elemental 

mixture.  

 

Figure 52: Gaussian Beam with Circular Boundary Aerial 
Energy Density Approximation 
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Chapter 7:  Summary & Conclusion 

SUMMARY 

The feasibility of utilizing elemental mixtures to mitigate solidification cracking in 

aluminum alloy 6061 was investigated. To develop a control baseline, a wide variety of 

samples were produced employing pre-alloyed AA6061 feedstock. Samples were produced 

and tested under 3-point bending for a bed temperature of both 35°C and 200°C to 

determine the effect of local thermal gradients on the mechanical behavior of pre-alloyed 

AA6061 SLM parts. An elemental mixture of aluminum and silicon, with a silicon 

composition mimicking that found in AA6061, was then processed and heat treated.  

Both the control and elemental mixture were analyzed by optical and electron 

microscopy to determine the type and quantity of cracking developed during the SLM 

process. Furthermore, part density was observed and possible causes of porosity were 

determined.  

It was shown that elemental mixtures show promise in eliminating solidification 

cracking in highly off-eutectic aluminum alloys. Furthermore, the elemental mixture was 

shown to successfully form an alloy in during a post processing homogenization treatment. 

Challenges associated with this processing route were discussed along with several 

strategies that may be utilized to mitigate negative effects which accompany the use of pure 

elements.  

CONCLUSIONS 

1. Elemental mixtures show promise in eliminating solidification cracking in off-

eutectic alloys. 
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2. Assuming the melting points of component elements within the mixture are 

widely distributed, it is possible to create processing conditions which prohibit 

in situ alloying. 

3. Successful alloying in post-production is possible if the constituents within the 

feedstock powder are well distributed.  

4. An apparent laser power threshold exists at approximately 300 W for 

elementally produced aluminum-silicon mixtures, above which point porosity 

is exacerbated. 

5. To increase the density of elementally produced aluminum parts, it is proposed 

that hydrogen exposure must be minimized throughout the lifecycle of both the 

part and the feedstock.  

6. An elevated part bed temperature may help in eliminating cracking in wrought 

aluminum alloy parts processed by SLM. 

7. Low scan speeds are beneficial for parts produced with pre-alloyed AA6061.  

 

FUTURE WORK 

Acquiring the Specified AA6061 Composition 

Future work in developing the final composition of AA6061 should be 

accomplished. The relatively low concentrations of copper and chromium within the 

material specifications should cause minimal changes in processing conditions. However, 

magnesium, with a melting point lower than that of aluminum, poses a more significant 

challenge. During processing the magnesium must melt along with the aluminum possibly 

forming local Al-Mg solid solution throughout the part near the boundaries between 

magnesium and aluminum particles. Yet, due to the short melt pool life seen during the 



 97 

SLM process, long range diffusion and alloying is not possible. Thus while processing 

conditions will be altered, the elemental mixture approach should eliminate solidification 

cracking. Furthermore, magnesium possesses a relatively low vaporization point. This 

property could result in evaporation of the metal necessitating the addition of additional 

magnesium within the elemental mixture. 

Alternative Feedstock Components 

To eliminate concerns about the low melting point of magnesium, work might be 

conducted utilizing Mg2Si as a component within the “elemental” mixture. With a melting 

point significant higher than aluminum, an Al-MgsSi mixture should behave similar to that 

of Al-Si. The largest challenge associated with this approach would be designing a method 

of evenly distributing the Mg2Si throughout the aluminum matrix. Magnesium silicide 

possesses a high melting point that silicon; thus, a longer homogenization time is most 

likely necessary to completely distribute the components throughout the aluminum matrix. 

Longer heat treatment times result in a thicker surface oxide formed on the outside of the 

aluminum specimen. Thus, it may become necessary to heat treat parts within an inert 

environment or vacuum. 

Expansion into Other Systems 

One of the main advantages of utilizing an elemental mixture approach to 

processing off eutectic alloys is the theory behind the approach is not unduly limited by 

the mixture’s constituents. Since all elemental materials possess the same 

melt/solidification characteristics that are amenable to avoidance of “mushy zone” 

cracking, the processing route is widely applicable. Thus, after successful processing of 

AA6061, the approach should be expanded to include other alloy systems. Possible systems 

for study include but are not limited to: 
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1. The 2xxx Series Aluminum Alloys (Aluminum-Copper) 

2. The 8xxx Series Aluminum Alloys (Aluminum-Lithium) 

3. Magnesium Alloys 

4. Super alloys (MAR-M for example)
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Appendices 

SOURCE CODE: 

The following section provides source code for select functions utilized within this 

research. As not all code is provided, any additional resources needed may be obtained by 

contacting the author. 

Energy Density Modification Calculations 
Original/Primary Author: Dr. Trevor Watt, University of Texas at Austin 
Adapted by: Christopher Roberts 
Creation Date: 17 July 2015 
Project: Raytheon 
Institution: University of Texas at Austin 
Purpose: Material property calculations for pure aluminum, A360, AlSi10Mg, AA6061. Calculate energy 
to melt starting at 25C 
 
function [varargout]=EnergyCalculations(varargin) 
%NOTA BENE: 
%I created a function so that I can use the private functions folder.Other than that it 
runs exactly like a script. 
nout=nargout; 
%I know it is bad coding practice to evalin but it saves a lot of time 
if nout==0 
evalin('base','clear variables; clc; close all') 
end 
if isempty(varargin)~=1 
    p=inputParser; 
    defrho=1; 
    checkrho=@(x) isnumeric(x); 
    defT0=35+273.15; 
    checkT0=@(x) isnumeric(x); 
    addParameter(p,'rhopowder',defrho, checkrho) 
    addParameter(p,'T0',defT0, checkT0) 
    parse(p,varargin{:}) 
    rho_powder=p.Results.rhopowder; 
    T0=p.Results.T0; 
else 
    rho_powder=1; 
    T0=35+273.15; 
end 
  
%UNCOMMENT TO OUTPUT TO FILE 
%id=[]; 
 if exist('id','var')~=1 
    id=1; 
else 
    maindir=pwd; 
    outputexist=exist(fullfile(maindir,'Output Files'),'dir'); 
    if outputexist~=7 
        mkdir(fullfile(maindir,'Output Files')) 
    end 
    id=fopen(fullfile(maindir,'Output Files', 'EnergyCalculations.txt'),'w'); 
 end 
   
%% Universal Data Input 
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%If the masses are changed make sure to change within cp functions also 
matdata.Al.M_atomic=        26.9815;        %TPRC 
  
%% Aluminum Data 
%Aluminum Variable Properties 
matdata.Al.type=                'variable parameters'; 
matdata.Al.name=                'Pure Aluminum'; 
matdata.Al.Ts=                  933.2;                                    %TPRC    [K] 
matdata.Al.Tl=                  933.3;                                    %TPRC    [K] 
matdata.Al.Lf=                  10.47/matdata.Al.M_atomic*10^6;           %TRPC [J/kg] 
matdata.Al.density=             @Alrho;       %Fit TRPC Data derived from CTE [kg/m^3] 
matdata.Al.cp=                  @Alcp;                                  %NIST [J/kg-K] 
%Aluminum Constant Properties 
matdata.Al_const.type=          'constant parameters'; 
matdata.Al_const.name=          'Pure Aluminum'; 
matdata.Al_const.Ts=            933.2;                                     %TPRC   [K] 
matdata.Al_const.Tl=            933.3;                                     %TPRC   [K] 
matdata.Al_const.Lf=            10.47/matdata.Al.M_atomic*10^6;           %TRPC [J/kg] 
matdata.Al_const.density=       @(x) 2700;                         %TPRC @20C [Kg/m^3] 
matdata.Al_const.cp=            @(x) 917;                  %TPRC average 100C [J/Kg-K] 
  
%% Al 6061 Data 
%Al 6061 Variable Properties 
matdata.Al6061.type=    'variable parameters'; 
matdata.Al6061.name=    'Aluminum 6061'; 
matdata.Al6061.Ts=      582+273.15;                                       %Mil-05 [K] 
matdata.Al6061.Tl=      652+273.15;                                       %Mil-05 [K] 
matdata.Al6061.Lf=      mean([398e3,3.8937e+05]);%average of Mil-05 and General Motors 
matdata.Al6061.densityfactor=   1.0043;  %Multiplication factor for density correction 
matdata.Al6061.density=         @Al6061rho; %Fit TRPC Data derived from CTE and Aluminum 

Properties and Metallurgy [kg/m^3] 
matdata.Al6061.cp=              @Al6061cp; %Combined data for for Mil-05 and General 

Motors [J/kg-K] 
%Al 6061 Constant Properties 
matdata.Al6061_const.type=  'constant parameters'; 
matdata.Al6061_const.name=  'Aluminum 6061'; 
matdata.Al6061_const.Ts=    582+273.15;                                    %Mil-05 [K] 
matdata.Al6061_const.Tl=    652+273.15;                                    %Mil-05 [K] 
matdata.Al6061_const.Lf= mean([398e3,3.8937e+05]) %average of Mil-05 and General Motors 
matdata.Al6061_const.density=   @(x) 2703;                    %General Motors [Kg/m^3] 
matdata.Al6061_const.cp=        @(x) 896;                             %Mil-05 [J/kg-K] 
  
%% A360 Data 
%A360/AlSi10Mg Variable Properties 
matdata.A360.type=              'variable parameters'; 
matdata.A360.name=              'A360/AlSi10Mg'; 
matdata.A360.Ts=                558+273.15;                                   %Matweb [K] 
matdata.A360.Tl=                596+273.15;                                   %Matweb [K] 
matdata.A360.Lf=                389e3   ;                                  %Matweb [J/kg] 
matdata.A360.density=           @A360rho;                      %Rule of Mixtures [kg/m^3]  
matdata.A360.cp=                @A360cp;                       %Rule of Mixtures [J/kg-K]  
%A360/AlSi10Mg Constant Properties 
matdata.A360_const.type=       'constant parameters'; 
matdata.A360_const.name=       'A360/AlSi10Mg'; 
matdata.A360_const.Ts=          558+273.15;                                  %Matweb [K] 
matdata.A360_const.Tl=          596+273.15;                                  %Matweb [K] 
matdata.A360_const.Lf=          389e3   ;                                 %Matweb [J/kg] 
matdata.A360_const.density=     @(x) 2670;                                 %EOS [kg/m^3] 
matdata.A360_const.cp=          @(x) 900;                                  %EOS [J/kg-K] 
  
%% AlSi10Mg Silicon Equivalency Approach 
%----Using the Predictive Approach------ 
%Uses the silicon equivalency algorithm to determine the latenet heat of 
%the AlSi10Mg Alloy as described in Durdjevic's paper "MODELLING OF CASTING 
%PROCESSES PARAMETERS FOR THE 3XX SERIES OF ALUMINUM ALLOYS USING THE 
%SILICON EQUIVALENCY ALGORITHIM" 
  
%A360/AlSi10Mg Variable Properties 
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matdata.A360Si.type=              'variable parameters'; 
matdata.A360Si.name=              'AlSi10Mg SiEq'; 
matdata.A360Si.Ts=                558+273.15;                               %Matweb [K] 
matdata.A360Si.Tl=                596+273.15;                               %Matweb [K] 
matdata.A360Si.Lf=                A360parameters()  ; 
matdata.A360Si.density=           @A360rho;                  %Rule of Mixtures [kg/m^3]  
matdata.A360Si.cp=                @A360cp;                   %Rule of Mixtures [J/kg-K]  
  
%A360/AlSi10Mg Constant Properties 
matdata.A360Si_const.type=       'constant parameters'; 
matdata.A360Si_const.name=       'AlSi10Mg SiEq'; 
matdata.A360Si_const.Ts=          558+273.15;                              %Matweb [K] 
matdata.A360Si_const.Tl=          596+273.15;                              %Matweb [K] 
matdata.A360Si_const.Lf=          A360parameters()  ; 
matdata.A360Si_const.density=     @(x) 2670;                             %EOS [kg/m^3] 
matdata.A360Si_const.cp=          @(x) 900;                              %EOS [J/kg-K] 
  
  
%% Calculate Data 
mId=fieldnames(matdata); 
for c = 1:length(mId) 
    current=matdata.(mId{c}); 
    name=mId{c}; 
    % Internal energy calculation 
    % de = rho(T)*Cp(T)*dT + L_f*f 
    if strcmp(current.type,'constant parameters')==1 
        % Constant properties 
        output.(name).E_s = current.density(NaN)*rho_powder*current.cp(NaN).*(current.Ts-T0); 
        output.(name).Lf =  current.Lf*current.density(NaN); % J/kg -> J/m^3 
        output.(name).E_l = output.(name).E_s + output.(name).Lf; 
        output.(name).name= current.name; 
        output.(name).type= current.type; 
        output.(name).offset= current.density(NaN)*rho_powder*current.cp(NaN)*(473.15-T0); 
    else 
        % Temperature-dependent properties 
        Trange_s =  T0:1:current.Ts; 
        rho_s =     current.density(Trange_s).*rho_powder; 
        Cp_s =      current.cp(Trange_s); 
        % Perform trapezoidal integration 
        rhoCp = rho_s.*Cp_s; 
        E_s = zeros(size(rhoCp)); %Pre-Allocation  
        for k = 2:length(rhoCp), 
         E_s(k) = ( Trange_s(k) - Trange_s(k-1) )*( rhoCp(k) + rhoCp(k-1) )/2 + E_s(k-1); 
        end; 
        output.(name).E_s =     max(E_s); 
        output.(name).Trange_s= Trange_s; 
        output.(name).rho_s=    rho_s*rho_powder; 
        output.(name).Cp_s=     Cp_s; 
        output.(name).Lf =      current.Lf*current.density(current.Tl); % J/kg -> J/m^3 
        output.(name).E_l =     output.(name).E_s + output.(name).Lf; 
        output.(name).name=     current.name; 
        output.(name).type=     current.type; 
        %Calculate energy offset for 200C 
        Trange_offset = T0:1:200+273.15; 
        rho_offset    = current.density(Trange_offset)*rho_powder; 
        Cp_offset     = current.cp(Trange_offset); 
        rhoCp_offset  = rho_offset.*Cp_offset; 
        offset        = zeros(size(rhoCp_offset)); 
        for k = 2:length(rhoCp_offset), 
            offset(k) = ( Trange_offset(k) - Trange_offset(k-1) )*... 
                ( rhoCp_offset(k) + rhoCp_offset(k-1) )/2 + offset(k-1); 
        end; 
        output.(name).offset=max(offset); 
         
    end; 
     
end; 
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%% Format Display Data 
  
%Create output matrix for the ftablef function 
fields1 = fieldnames(output); 
n =       length(fieldnames(output)); 
rowhead = cell(1,n); 
outmat =  cell(n,3); 
  
for k=1:n 
    rowhead(k) =  {output.(fields1{k}).name}; 
    outmat(k,1) = {output.(fields1{k}).type}; 
    outmat(k,2) = {output.(fields1{k}).E_s/1e9}; 
    outmat(k,3) = {output.(fields1{k}).E_l/1e9}; 
    outmat(k,4) = {output.(fields1{k}).offset/1e9}; 
end 
colhead={'Material','Type of Calculation','E_s [J/mm^3]','Total Energy [J/mm^3]' 
'offset'}; 
  
%% Extra Ratio Data 
ratio=zeros(2,2,2); 
rowhead2=cell(1,1); c1=1; 
for k=1:n 
    c2=1; 
    if strcmpi('variable parameters',outmat{k,1}) 
        for q=1:n 
            if strcmpi('variable parameters',outmat{q,1}) 
                ratio(c1,c2,1)=outmat{q,2}/outmat{k,2}; 
                ratio(c1,c2,2)=outmat{q,3}/outmat{k,3}; 
                c2=c2+1; 
            end 
        end 
        rowhead2(c1)=rowhead(k); c1=c1+1; 
    end 
end 
%% Print Table to either a file or the command window 
%user defined output function that can be imported into excel 
%TAB Delimited table 
  
  
if nout==0 
    fprintf(id,'Assumed Powder Density Percentage: %.0f%%\n\n',rho_powder*100); 
    
ftablef(outmat,'%.3f',id,'colhead',colhead,'rowhead',rowhead,'shift','on','delimeter','\t
','Title',{'Energy Calculations:','-------------------'}) 
    fprintf(id,'\n\n'); 
    
ftablef(ratio(:,:,1),'%.3f',id,'colhead',rowhead2,'rowhead',rowhead2,'shift','off','delim
eter','\t','Title',{'Ratio of E_s (Variable Data):','-----------------------------'}) 
    fprintf(id,'\n\n'); 
    
ftablef(ratio(:,:,2),'%.3f',id,'colhead',rowhead2,'rowhead',rowhead2,'shift','off','delim
eter','\t','Title',{'Ratio of E_total (Variable Data):','--------------------------------
'}) 
end 
  
if nout==0 
    varargout={}; 
elseif nout==1 
    varargout{1}=[colhead;[rowhead',outmat]]; 
elseif nout==2 
    varargout{1}=[rowhead',outmat]; 
    varargout{2}=ratio; 
else 
    varargout{1}=[rowhead',outmat]; 
    varargout{2}=ratio; 
    for k=3:nout; 
        varargout{k}=NaN; 
    end 



 103 

end 
%% Copy Variables to the base workspace 
%This section uses the evalin function. If there is a easy way to implement 
%dynamic variable naming then this could be replaced by assignin which is 
%a much better way of doing things. 
if nout==0 
clear c k n q z Trange_s rho_s rhoCp  Cp_s E_s c1 c2  current  id mId name 
clear nout offset rho_offset Cp_offset rhoCp_offset 
save('tmp341654322233dkfd.mat'); %Use random temporary file name 
evalin('base','load(''tmp341654322233dkfd.mat'');'); 
delete('tmp341654322233dkfd.mat'); 
end 
  
function rho=Sirho(T) 
% Cacluate density of silicon given a temperature 
%Calculation of the density and heat capacity of silicon by molecular  
%dynamics simulation 
%R. Kojima Endo and Y. Fujihara and M. Susa 
  
Tm=1687; 
  
if T<=Tm 
    %Calculation of density... R Kojima Endo 
    rho=(2.33-0.0000219.*T).*1000; 
else 
    %Calculation of density... R Kojima Endo 
    rho=(2.54-2.19e-5.*T-1.21e-8.*T.^2).*1000;   
end 
  
function cp=Sicp(T) 
%NIST Chemistry WebBook, NIST Standard Reference Database Number 69  
%Publisher 
%National Institute of Standards and Technology 
  
Tm=1687; 
M=28.0855; 
  
if T<=Tm 
   %NIST Chemisty Web Book 
    cp=(22.81719-3.89951.*T./1000-0.082885.*(T./1000).^2+... 
    0.042111.*(T./1000).^3-0.354063./(T./1000).^2)./... 
    M.*1000;   
else 
%NIST Chemisty Web Book 
    cp=968.33; 
end 
  
function rho=Mgrho(T) 
%Fundamentals of Heat and Mass Transfer 
%Theodore L. Bergman and Adrienne S. Lavine and Frank P. Incropera and David P. Dewitt 
Tm=923; 
  
%Assumed Constant due to low volume fraction. Fundamentals of Heat Transfer 
%Bergman et all 
if T<=Tm 
    rho=1740; 
else 
    %Calculation of density... R Kojima Endo 
    rho=1740;   
end 
  
function cp=Mgcp(T) 
%NIST Chemistry WebBook, NIST Standard Reference Database Number 69  
%Publisher 
%National Institute of Standards and Technology 
  
Tm=923; 
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M=24.305; 
  
if T<=Tm 
    cp=(26.54083-1.533048.*T./1000+8.062443.*(T./1000).^2+... 
    0.57217.*(T./1000).^3-0.174221./(T./1000).^2)./... 
    M.*1000;   
else 
    cp=1411; 
end 
  
function rho=Alrho(T) 
%Thermophysical Properties of Matter: Specific Heat- Metallic Elements and Alloys  
  
Tm=933.2; 
if T<=Tm 
    %Fit TRPC Data derived from CTE [kg/m^3] 
    rho=(-1.895363E-04.*T.^2-8.826867E-02.*T+2.740891E+03); 
else 
    %Fit Coefficients TRPC Data [kg/m^3] 
    rho=-9.053677E-05.*T.^2-7.242296E-02.*T+2.513897E+03; 
end 
  
function cp=Alcp(T) 
%NIST Chemistry WebBook, NIST Standard Reference Database Number 69 
%Publisher 
%National Institute of Standards and Technology 
% 
% Calculate the specific heat capacity of pure aluminum 
  
Tm=933.2; 
M=26.9815; 
  
if T<=Tm 
  
    cp=(28.0892-5.414849.*T./1000+8.560423.*(T./1000).^2+... 
    3.42737.*(T./1000).^3-0.277375./(T./1000).^2)./M.*1000;   
else 
  
    cp=31.75/M*1000; 
end 
  
function rho=Al6061rho(T) 
%Thermophysical Properties of Matter: Specific Heat- Metallic Elements and Alloys (book) 
%Publisher 
%CINDAS and Purdue University 
% 
% Caculate the density of Al6061 
  
Tm=582+273.15; 
f=1.0043; 
if T<=Tm 
    %Fit TRPC Data derived from CTE [kg/m^3] 
    rho=(-1.895363E-04.*T.^2-8.826867E-02.*T+2.740891E+03).*f; 
else 
    %Fit Coefficients TRPC Data [kg/m^3] for pure Al 
    rho=-9.053677E-05.*T.^2-7.242296E-02.*T+2.513897E+03; 
end 
  
function cp=Al6061cp(T) 
  
Tm=582+273.15; 
M=26.9815; 
  
if T<=Tm 
    %Combined data for for Mil-05 and General Motors [J/kg-K] 
    cp=0.55046543.*T+753.632025;  
else 



 105 

    %NIST [J/kg-K] 
    cp=31.75/M*1000; 
end 
  
function rho= A360rho(T) 
%Calculate the density of A360 at a given temperature using the rule of 
%mixtures. 
  
wSi=0.10; 
wMg=0.00325; 
wAl=1-wSi-wMg; 
  
rhoAl=Alrho(T); 
rhoSi=Sirho(T); 
rhoMg=Mgrho(T); 
  
rho=((wAl.*rhoSi.*rhoMg+wSi.*rhoAl.*rhoMg+wMg.*rhoSi.*rhoAl)./... 
    (rhoAl.*rhoSi.*rhoMg)).^-1; 
  
function L=A360parameters() 
% A360 Parameter estimation 
% 
%MODELLING OF CASTING PROCESSES PARAMETERS FOR THE 3XX SERIES OF  
%ALUMINUM ALLOYS USING THE SILICON EQUIVALENCY ALGORITHIM  
%M.B. Durdjevi? and B. Duri? and A. Mitra?inovi? and J.H. Sokolowski 
  
Lal=388; 
Lsi=1926; 
  
wSi=10; 
wMg=.35; 
%wAl=100-wSi-wMg; 
  
SieqMg=0+0.0258*wMg-0.0088*wMg^2; 
  
SiEQ=wSi+SieqMg; 
% Tl=660.452-6.11*SiEQ-0.057*SiEQ^2; 
% TlDrossel=661-4.97*wSi-0.15*wSi^2-17.4*wMg; 
%  
% Te=660.452-(6.11*SiEQ+0.057*SiEQ^2)*(12.6/SiEQ); 
% Te2=660.452-(6.11*wSi+0.057*wSi^2)*(12.6/wSi)-(6.3*wMg); 
  
Ce=12.3; 
C0=SiEQ; 
Cae=1.6; 
Cbe=100-0.015; 
  
  
fAlprimary=(Ce-C0)/(Ce-Cae); 
fAlsecondary=((Cbe-Ce)/(Cbe-Cae))*(1-fAlprimary); 
fSiE=((Ce-Cae)/(Cbe-Cae))*(1-fAlprimary); 
  
L=(fAlprimary*Lal+fAlsecondary*Lal+fSiE*Lsi)*10^3; 
  
function cp= A360cp(T) 
% Calculate the specific heat capacity of A360 using the rule of mixtures. 
wSi=0.10; 
wMg=0.00325; 
wAl=1-wSi-wMg; 
  
cpAl=Alcp(T); 
cpSi=Sicp(T); 
cpMg=Mgcp(T); 
  
cp=wAl*cpAl+wMg*cpMg+wSi*cpSi; 
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Energy Dispersive Spectroscopy Scaling Functions 
Author: Christopher Roberts 
Creation Date: March 2016 
Project: Master’s Thesis 
Institution: University of Texas at Austin 
Purpose: These functions allows you to compare EDS images. Counts are converted into greyscale 
values and scaled to fit the largest contrast image. Thus, all images are scaled the same amount. 
Each greyscale corresponds to the same value on every image.  

EDS Scaling Function 
function [Image,Val]=imagecompareEDS(varargin) 
% Basic Syntax: 
%     [Image,Val]=imagecompareEDS(filenames,invert) 
% 
% Input: 
%     filenames: Filenames of images to compare. This must be a cell. 
%     invert:    Place anything in this position to invert the image 
% Output: 
%    Image:     Structure Array Containing the following 
%               Name: filename 
%               RAW:  raw image 
%               Info: results of imfinfo 
%               Invert: image complement 
%               BaseDepth: sample depth of RAW 
%               Resolution: resulution of image 
%               Corrected:  CORRECTED IMAGE 
%               FigureHandle: figure handles of corrected images 
  
filenames=varargin{1}; 
nIm=length(filenames); 
  
if nargin>1 
    invert=1; 
else 
    invert=0; 
end 
  
for i=1:nIm 
    Image(i).Name=filenames{i}; 
    Image(i).RAW=imread(filenames{i}); 
    Image(i).Info=imfinfo(filenames{i}); 
    Image(i).Invert=imcomplement(Image(i).RAW); 
    Image(i).BaseDepth=Image(i).Info.MaxSampleValue; 
    Image(i).Resolution=Image(i).Info.XResolution; 
end  
check=[Image(:).BaseDepth]; 
if all(check~=check(1)) 
    error('Sample Depth Not Constant Between Images') 
end  
minVal=Image(1).BaseDepth; 
maxVal=0; 
baseDepth=minVal; 
for i=1:nIm 
    %Find The Scaling Value 
     
    %Case 1: Inverted 
    if invert==1 
        Image(i).Min=min(min(Image(i).Invert)); 
        if Image(i).Min<minVal 
            minVal=Image(i).Min; 
        end 
    else 
        %Case 2: Non-Inverted 
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        Image(i).Max=max(max(Image(i).RAW)); 
        if Image(i).Max>maxVal 
            maxVal=Image(i).Max; 
        end 
         
    end 
end 
  
for i=1:nIm 
    %Create a figure 
    Image(i).FigureHandle=figure; 
    %Create a corrected image utilizing the maximum count rate found in all 
    %of the images as the brightest value possible. 
    if invert==0 
        Image(i).Corrected=imshow(Image(i).RAW,[0 maxVal],'colormap',hot); 
        Val=maxVal; 
    else 
        Image(i).Corrected=imshow(Image(i).Invert,[minVal 
baseDepth],'colormap',(gray)); 
        Val=minVal; 
    end 
end 

Add Micron Marker Function 
function AxesStructure=micronmarker(fig,pixpercm,length_um,colorbar,colorback) 
% Purpose: 
% This function places micron markers onto images when given a resolution. 
% 
% Basic Syntax: 
%     AxesStructure=micronmarker(fig,pixpercm,length_um,colorbar,colorback) 
% 
% Input: 
%     fig: figure to place marker on 
%     pixpercm:     number pf pixels per centimeter 
%     length_um:    length of bar 
%     colorbar:     color of bar (optional) 
%     colorback:    color of backdrop (optional) 
% 
% Output: 
%    AxesStructure:     Axes Structure of Micron Marker 
if nargin>3 
    colorbar_=colorbar; 
    colorback_='k'; 
elseif nargin>4 
    colorbar_=colorbar; 
    colorback_=colorback; 
else 
    colorbar_='w'; 
    colorback_='k'; 
end 
     
%% Plot Box Data 
image_ax=fig.CurrentAxes; 
im_pos=image_ax.Position; 
im_box=image_ax.PlotBoxAspectRatio; 
x=image_ax.XLim(2)-image_ax.XLim(1); 
y=image_ax.YLim(2)-image_ax.YLim(1); 
  
%% Plot Bar Data 
pixel_length=pixpercm/10000*length_um; 
xspacer=x/10; 
yspacer=y/5/5; 
  
xline=[xspacer,xspacer+pixel_length]; 
yline=y-3.5*yspacer.*[1 1]; 
  



 108 

%% Text Data 
textx=mean(xline); 
texty=yline(1)+2*yspacer; 
textval=sprintf('%d \\mum',length_um); 
  
scale=axes('Parent',fig,'Position',im_pos,'Box','on'); 
box=axes('Parent',fig,'Position',im_pos,'Box','on'); 
  
axes(image_ax) 
  
%% Plot Micron Marker Background 
hold on 
rectangle('Parent',box,'Position',[0 y-5*yspacer x  
5*yspacer],'facecolor',colorback_) 
box.YDir='reverse'; 
box.XLim=[0 x]; 
box.YLim=[0 y]; 
box.DataAspectRatioMode='manual'; 
box.PlotBoxAspectRatio=im_box; 
box.XTick=[]; 
box.YTick=[]; 
set(box, 'Color', 'none') 
axes(box) 
hold off 
  
%% Plot Micron Marker Bar 
hold on 
plot(scale,xline,yline,'color',colorbar_,'linewidth',10) 
scale.YDir='reverse'; 
scale.XLim=[0 x]; 
scale.YLim=[0 y]; 
scale.DataAspectRatioMode='manual'; 
scale.PlotBoxAspectRatio=im_box; 
scale.XTick=[]; 
scale.YTick=[]; 
set(scale, 'Color', 'none') 
axes(scale) 
hold off 
  
AxesStructure.Image=image_ax; 
AxesStructure.Bar=scale; 
AxesStructure.BackgroundBox=box; 
%% Plot Text 
text(textx,texty,textval,'HorizontalAlignment','center',... 
    'color','w','fontunit','pixels','fontsize',yspacer*2) 
end 
 

Beam Shape Comparison  
Author: Christopher Roberts 
Creation Date: March 2016 
Project: Master’s Thesis 
Institution: University of Texas at Austin 
Purpose: This script illustrates the constant and Gaussian beam approximations. 

 
function Out=beam_profile_comparison() 
id=[]; 
close all 
  
if exist('id','var')~=1 
    id=1; 
else 
    maindir=pwd; 
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    outputexist=exist(fullfile(maindir,'Output Files'),'dir'); 
    if outputexist~=7 
        mkdir(fullfile(maindir,'Output Files')) 
    end 
    id=fopen(fullfile(maindir,'Output Files','Beam Profile Comparison.txt'),'w'); 
end 
aspectRatio=[1 1 1.000e+15]; 
%% Crate Figure 
fig(1)=figure('units','normalized','outerposition',[.2 .2 .6 .6]); 
spacing=0.05; 
nplots=3.25; 
space=1-(nplots+1)*spacing; 
width=space/nplots; 
axis1=axes('position',[spacing .15 width .75]); 
axis2=axes('position',[2*spacing+width .15 width .75]); 
axis3=axes('position',[3*spacing+2*width .15 width*1.25 .75]); 
  
%% Input Basic Data about System 
data.P      = 370;          %[W] 
data.sigma  = 0.02025e-3;   %[m] 
data.v      = 0.940;        %[m/s] 
data.n      = 2;            %[-] 
  
%% Constant Beam Approximation 
axes(axis1); 
  
%Calculations 
d    = 2*data.n*data.sigma; 
p0   = data.P/(pi/4*d^2); 
  
eaConstant      = pi*p0*d/(4*data.v); 
emaxConstant    = p0*d/data.v; 
ratioConstant   = (eaConstant/emaxConstant)^-1; 
  
%Create ColorMap 
mapped = colormap; 
val =    floor(p0/(data.P/(2*pi*data.sigma^2))*length(mapped)); 
  
%Create Cylinder with hight p0 
[x1,y1,z1] = cylinder(d/2,50); 
z1=          z1*p0; 
  
%Plot The surface Plot 
surf(x1,y1,z1,'edgecolor',[0 0 0], 'edgealpha',0.1,'facecolor',mapped(val,:)) 
hold on 
fill3(x1,y1,z1(1,:),mapped(val,:),'edgecolor',[0.5 0.5 0.5]) 
fill3(x1,y1,z1(2,:),mapped(val,:),'edgecolor',[0.5 0.5 0.5]) 
title({'Constant Beam'; 'Approximation'},'fontsize',16) 
%axis1.ZLim=[0 1.1*data.P/(2*pi*data.sigma^2)]; 
axis1.ZLim=[0 15e10]; 
  
fig(2)=figure; 
%Plot The surface Plot 
surf(x1,y1,z1,'edgecolor',[0 0 0], 'edgealpha',0.1,'facecolor',mapped(val,:)) 
hold on 
fill3(x1,y1,z1(1,:),mapped(val,:),'edgecolor',[0.5 0.5 0.5]) 
fill3(x1,y1,z1(2,:),mapped(val,:),'edgecolor',[0.5 0.5 0.5]) 
title({'Constant Beam'; 'Approximation'},'fontsize',16) 
axisI1=gca; 
axisI1.ZLim=[0 15e10]; 
daspect(aspectRatio); 
C1=colorbar; 
caxis([0 15e10]) 
  
%% Gaussian Beam 
axes(axis2) 
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%Calculations 
A            = data.P/(2*pi*data.sigma^2); 
eaGaussian   = data.P*erf(data.n/sqrt(2))^2/(2*data.n*data.sigma*data.v); 
emaxGaussian = data.P*erf(data.n/sqrt(2))/(sqrt(pi*2)*data.sigma*data.v); 
ratioGaussian = (eaGaussian/emaxGaussian)^-1; 
  
%Create Gaussian Meshgrid 
tmp=-data.n*data.sigma:data.sigma/25:data.n*data.sigma; 
[xg,yg]=meshgrid(tmp,tmp); 
zg=A*exp(-(xg.^2/(2*data.sigma^2)+yg.^2/(2*data.sigma^2))); 
  
%Plot 
figure(fig(1)) 
surf(xg,yg,zg,'linestyle','none') 
title({'Gaussian Beam'; 'Analytical Approximation'},'fontsize',16) 
caxis([0,A]) 
  
fig(3)=figure; 
surf(xg,yg,zg,'linestyle','none') 
title({'Gaussian Beam'; 'Analytical Approximation'},'fontsize',16) 
caxis([0,A]) 
axisI2=gca; 
axisI2.ZLim=[0 15e10]; 
daspect(aspectRatio); 
colorbar 
caxis([0 15e10]) 
%% Gaussian Numeric (polar) 
axes(axis3) 
  
for i=1:1000 
   %Determine the power at each ey and then average them 
   y=-data.n*data.sigma:data.sigma/i:data.n*data.sigma; 
   eay=(A/data.v*exp(-y.^2/(2*data.sigma^2))*sqrt(2*pi)*data.sigma).*... 
       (erf(sqrt((data.n*data.sigma)^2-y.^2)/(data.sigma*sqrt(2)))); 
   eay_mean=mean(eay); 
   emaxPolarGaussian=max(eay); 
   ratioPolarGaussian(i)=(eay_mean/emaxPolarGaussian)^-1; 
end 
  
%Create Polar Mesh grid 
[r, phi] = meshgrid(0:data.sigma/50:data.sigma*data.n, 0:pi/25:2*pi); 
xg2 = r.*cos(phi); 
yg2 = r.*sin(phi); 
zg2= A*exp(-(xg2.^2/(2*data.sigma^2)+yg2.^2/(2*data.sigma^2))); 
  
%Create surface plot 
figure(fig(1)) 
surf(xg2,yg2,zg2,'linestyle','none') 
title({'Gaussian Beam'; 'Numerical Approximation'},'fontsize',16) 
caxis([0,A]) 
%Add the color bar 
colorbar 
caxis([0 15e10]) 
  
fig(4)=figure; 
%Create surface plot 
surf(xg2,yg2,zg2,'linestyle','none') 
title({'Gaussian Beam'; 'Numerical Approximation'},'fontsize',16) 
caxis([0,A]) 
axisI3=gca; 
axisI3.ZLim=[0 15e10]; 
%Add the color bar 
C3=colorbar; 
daspect(aspectRatio); 
caxis([0 15e10]) 
  
%% Add Text 
TextBox = 
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uicontrol(fig(1),'style','text','units','normalized','position',[0.1,0,.8,.1]); 
tmpstr=sprintf('%d*sigma',data.n); 
tmpval={'The characteristic length used for each calculation was:',tmpstr}; 
set(TextBox,'String',tmpval,'fontsize',16) 
  
%% Save Figure 
  
if id~=1 
    orient landscape 
    extension='png'; 
    %to save with white background comment out next line 
    fig(1).InvertHardcopy='off'; 
    figure(fig(1)) 
    print(fullfile(maindir,'Output Files',['Beam Profile Comparison 
Figure.',extension]),['-d',extension]) 
     %fig2.InvertHardcopy='off'; 
     figure(fig(2)) 
    print(fullfile(maindir,'Output Files',['Beam Profile 
Constant.',extension]),['-d',extension]) 
     %fig3.InvertHardcopy='off'; 
     figure(fig(3)) 
    print(fullfile(maindir,'Output Files',['Beam Profile Gaussian 
(Retangular).',extension]),['-d',extension]) 
     %fig4.InvertHardcopy='off'; 
     figure(fig(4)) 
    print(fullfile(maindir,'Output Files',['Beam Profile Gaussian 
(Numerical).',extension]),['-d',extension]) 
end 
  
Out.figures=fig; 
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OPTICAL IMAGES 

AA6061 Elevated Temperature Specimens 
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Al-Si Elemental Mixture 
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