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ABSTRACT 

Industry 4.0 will pave the way to a new age of advanced manufacturing. Additive 

manufacturing (AM) is one of the leading sectors of the upcoming industrial revolution. 

The key advantage of AM is its ability to generate lightweight, robust, and complex shapes. 

AM can also customize the microstructure and mechanical properties of the components 

according to the selected technique and process parameters. AM of metals using selective 

laser melting (SLM) could significantly impact a variety of critical applications. SLM is 

the most common technique of processing high strength Aluminum alloys. SLM of these 

alloys promises to enhance the performance of lightweight critical components used in 

various aerospace and automotive applications such as metallic optics and optomechanical 

components. However, the surface and inside defects of the as-built parts present an 

obstacle to product quality requirements. Consequently, the post-processing of SLM 

produced Al alloy parts is an essential step for homogenizing their microstructure and 

reducing as-built defects. 

In the current research, various studies assess the optimal process mapping for high-

quality SLM parts and the post-processing treatment of Al alloy parts. Ultra-precision 

machining with single point diamond turning or diamond micro fly-milling is also 

investigated for the as-built and post-processed Al parts to satisfy the optical mirror’s 

surface finish requirements.  

The influence of the SLM process parameters on the quality of the AlSi10Mg and 

Al6061 alloy parts is investigated. A design of experiment (DOE) is used to analyze relative 

density, porosity, surface roughness, dimensional accuracy, and mechanical properties 
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according to the interaction effect between SLM process parameters. The microstructure of 

both materials was also characterized. A developed process map shows the range of energy 

densities and SLM process parameters for each material needed to achieve optimum quality 

of the as-built parts. This comprehensive study also strives to reduce the amount of post-

processing needed. 

Thermal post-processing of AlSi10Mg parts is evaluated, using recycled powder, 

with the aim of improving the microstructure homogeneity of the as-built parts. This work 

is essential for the cost-effective additive manufacturing (AM) of metal optics and 

optomechanical systems. To achieve this goal, a full characterization of fresh and recycled 

powder was performed, in addition to a microstructure assessment of the as-built fabricated 

samples. Annealing, solution heat treatment (SHT) and T6 heat treatment (T6 HT) were 

applied under different processing conditions. The results demonstrated an improvement in 

microstructure homogeneity after thermal post-processing under specific conditions of 

SHT and T6 HT. A micro-hardness map was developed to help in the selection of optimal 

post-processing parameters for the part’s design requirements. 

A study is also presented, which aims to improve the surface characteristics of the 

as-built AlSi10Mg parts using shot peening (SP). Different SP intensities were applied to 

various surface textures of the as-built samples. The SP results showed a significant 

improvement in the as-built surface topography and a higher value of effective depth using 

22.9A intensity and Gp165 glass beads. The area near the shot-peened surface showed a 

significant microstructure refinement up to a specific depth, due to the dynamic 

precipitation of nanoscale Si particles. Surface hardening and high compressive residual 

stresses were generated due to severe plastic deformation.  
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Friction stir processing (FSP) was studied as a localized treatment on a large surface 

area of the as-built and hot isostatic pressed (HIPed) AlSi10Mg parts using multiple FSP 

tool passes. The influence of FSP on the microstructure, hardness, and residual stresses of 

parts was investigated. FSP transforms the microstructure of parts into an equiaxed grain 

structure.  A consistent microstructure homogenization was achieved over the processed 

surface after applying a high ratio of tool pass overlap of ≥60%. A map of microstructure 

and hardness was prepared to assist in the selection of the optimal FSP parameters for 

attaining the required quality of the final processed parts.  

Micromachining to the mirror surface was performed using diamond micro fly-

milling and single point diamond turning techniques, and the effect of the material 

properties on surface roughness after machining was investigated. The machining 

parameters were also tuned to meet IR mirror optical requirements. A novel mirror structure 

is developed using the design for additive manufacturing concept additive (DFAM). This 

design achieved weight reduction of 50% as compared to the typical mirror structure. 

Moreover, the developed design offers an improvement of the mirror cooling performance 

due to the embedded cooling channels directed to the mirror surface.   

A novel mirror structure is developed using the design for additive manufacturing 

concept additive (DFAM). This design achieved weight reduction of 50% as compared to 

the typical mirror structure. Moreover, the developed design offers an improvement of the 

mirror cooling performance due to the embedded cooling channels directed to the mirror 

surface.   
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Chapter 1 : Introduction 

1.1 Background 

Industry 4.0, also known as the fourth industrial revolution, will lead a new age 

of advanced manufacturing. Industry 4.0 is powered by recent developments in additive 

manufacturing (AM), autonomous robots, predictive maintenance and analytics, software 

integration, and cyber-security [1]. According to ASTM F2792-10, AM is defined as ‘‘a 

process of joining materials to make objects from 3D model data, usually layer upon layer, 

as opposed to subtractive manufacturing methodologies”, it is also known as 3D printing 

[2]. AM offers a variety of solutions for current design and manufacturing limitations and 

thus will improve the part’s performance and provide full product customization [3]. 

Douglas S. et al. investigated the cost-effectiveness of AM [4]. This study showed that the 

AM technology is a cost-effective process for fabricating small batches in a decentralized 

manufacturing environment. Figure 1.1 illustrates that the unit cost of AM remains almost 

constant apart from the production volume or part complexity. However, the unit cost of 

traditional manufacturing is significantly affected by these factors. AM consists of seven 

different techniques using the same concept of building the parts [5]. The powder bed 

Fusion (PBF) is most frequently used for metal part fabrication through Selective laser 

melting (SLM) or Electron beam melting (EBM) process [6]. The PBF processes are 
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particularly competitive for producing geometrically complex parts of low to medium 

volume. Moreover, it can achieve a high density for pre-alloyed materials [7].   

   Figure 1.1  The cost-effectiveness of AM compared to traditional manufacturing 

techniques [4] 

 AM of aluminum alloys promises a production of efficient, flexibly designed, 

and lightweight parts. Selective laser melting (SLM) is the common technique used for the 

AM of Al alloys due to its ability to obtain superior dimensional accuracy and higher 

quality of the fabricated parts compared to other AM techniques [8]. SLM can produce 

nearly net shaped objects for subtractive manufacturing (CNC machining), and thus will 

significantly impact workpiece development. It can also be used to produce efficient tools 

for forming and die casting technologies. However, achievement of consistent material 

properties still remains an active research issue. Part defects pose a problem, such as: 

microstructure inhomogeneity, porosity, surface defects, residual stress, and cracking [9]. 

Consequently, optimizing the SLM process and post-processing treatment is essential to 

obtain the desired part quality. 
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AM fabrication of efficient and lightweight metallic optics and optomechanical 

components is considered to be one of the most critical applications in space and aerospace 

sectors. Al6061 is commonly used for the production of metal optics [10]. However, 

AlSi10Mg is a frequently used Al alloy for the SLM technique due to its lower coefficient 

of thermal expansion [11]. The high content of hard Si particles might present an obstacle 

to achieving the optical requirement surface finish of the machined mirror. Consequently, 

the current research aims to develop the optimum production process of high-quality 

lightweight optics and optomechanical components fabricated through SLM, post-

processing treatment, and ultra-precision machining. 

1.1.1 Selective Laser Melting of Al alloys  

SLM is a layer-by-layer process, in which the laser beam selectively melts the 

powder layer according to slices generated from the three-dimensional designed model. 

SLM possesses rapid melting and solidification rates and thus is applicable for a narrow 

selection of materials according to their coefficient of thermal expansion (CTE). In addition, 

optimization of the SLM process parameters of Al alloys is hampered by part defects due 

to energy loss in the laser beam projected to the powder bed surface. The quality of Al 

alloys produced by SLM could be influenced by the chemical composition and CTE of the 

material used. Galy et al. [12] showed that porosity, hot cracking, anisotropy, and surface 

quality are the principal defects of Al alloy parts. Some of the SLM process parameters can 

be controlled, such as laser power, scan speed, hatch spacing, and powder layer thickness. 
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The energy density is a function of these parameters. Optimization of the SLM process 

parameters is an essential step for controlling material characteristics and the quality of the 

fabricated parts. Nguyen et al. [13] also studied the effect of the powder layer thickness 

within a range from 20 to 50 µm. Their results showed that as the thickness of the powder 

layer diminishes, part density and dimensional accuracy increase. Cheng et al. [14] 

investigated the effect of scanning strategy on the stress and deformation of parts. Their 

results showed that minimum stress and deformation values are obtained using a layer 

orientation strategy with an angle of 45˚ or 67˚. The powder feedstock quality also 

represents an essential parameter that might affect part characteristics. Sutton et al. [15] 

reported that the powder morphology, microstructure, and chemical characteristics could 

change depending on the production method such as gas, water, or plasma atomization 

techniques. This could generate a difference in quality between the parts produced using 

different feedstock powders [16].  

In general, Al6061 is seldom used for SLM. Fulcher et al. [11] reported that Al6061 

parts have a lower dimensional accuracy compared to the AlSi10Mg parts due to higher 

CTE. High strength Al alloys such Al6061 and Al7075 series have low Mg and Si content 

which might result in hot cracking and formation of large columnar grains [17]. Louvis et 

al. [18] reported that low relative density parts of Al6061 might be produced via SLM due 

to the effect of oxide formation inside these parts. This might result from the relatively low 

laser power used, (100W) which may not be enough to achieve complete melting. In general, 

more research is required to evaluate the effect of SLM process parameters on the as-built 

Al6061 characteristics such as density, surface roughness, and dimensional accuracy. In 
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addition, the effect of Si content requires further investigation aimed at optimizing the 

process parameters. 

1.1.2 Post-processing treatment of As-built Al alloys 

Thermal post-processing for additively manufactured parts plays a significant role 

in relieving residual stresses, homogenizing the microstructure, and reducing porosity [19, 

20]. Thermal post-processing techniques can be applied to AlSi10Mg such as hot isostatic 

pressing (HIP), annealing, solution heat treatment (SHT), and T6 heat treatment (T6 HT). 

Recently, various studies have focussed on the thermal post-processing of AM parts. These 

studies also included the effect of thermal processing on the mechanical properties and 

microstructure of the parts fabricated by fresh powder [19-29]. HIP is used to close internal 

pores and cracks in AM parts by applying high temperature and pressure. It is also used to 

increase part density and extend fatigue life [21]. However, the grain structure may be 

significantly changed in addition to reducing the part dimensional accuracy. The open pores 

at the surface can lead to the formation of oxides under the high pressure and temperature 

associated with HIP [20]. This, along with the high cost of the process, indicates that HIP 

should be applied judiciously according to need.   

Various studies have presented the effect of thermal post-processing (under 

different conditions) on the microstructure and mechanical properties of AlSi10Mg 

fabricated using fresh powder. However, the AM process parameters used were often 

different for each study, possibly giving rise to differences in the results of these studies. 
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In general, previous work has not included analysis of the effect of thermal post-processing 

with AlSi10Mg recycled powder, or the microstructure homogeneity under different 

treatment conditions. 

The improvement of the surface integrity of the as-built parts fabricated using SLM 

is also still an active research issue. Calignano et al. [30] illustrated the effect of the SLM 

process parameters on the surface roughness of AlSi10Mg components. Their results 

showed that laser scan speed is the most significant parameter that affects the surface 

roughness of as-built parts. Townsend et al. [31] reported that the side and top surfaces of 

the as-built AlSi10Mg parts have different values of surface roughness due to the 

disappearance of laser tracks on the side surface. The as-built AlSi10Mg microstructure 

also showed an inhomogeneity, resulting in an anisotropic structure [32]. Moreover, fatigue, 

fretting fatigue, wear, and corrosion are considered to be the most common failures of 

engineering materials to withstand their propagation inside the part [33]. Consequently, the 

surface treatment of as-built AM parts is required to improve their surface integrity and 

mechanical properties. Shot peening (SP) is one surface treatment technique that can be 

used to enhance the surface roughness [31] and improve the fatigue performance of Al 

alloys [34]. SP is a cold working process that bombards the part surface with spherical 

beads using high pressure [35]. SP results in a surface layer plastic deformation that 

generates residual compressive stress due to the application of multiple shot impacts on the 

part surface [36]. Various studies have reported that SP could improve the hardness, fatigue 

strength, and tensile strength of the part surface of conventional materials, such as Al alloys 

[37,38] and Ti6Al4V [39]. The main process parameters of SP are the Almen intensity and 
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surface coverage [40]. First, the Almen intensity represents the arc height calculated from 

a shot-peened Almen strip due to the incident kinetic energy generated on the sample 

surface from the shots’ impact [41]. The Almen intensity reflects the effect of the shot size, 

hardness, speed, flow rate, and impact angle [36]. Qandil et al. [42] reported that the SP 

intensity applied to Al 7075 T6 and Al 2024 T3 has to be optimized using a relatively small 

shot size to avoid surface damage by over-peening. Second, the surface coverage represents 

the ratio of the area covered by the shots’ indentations, as compared to the total area of the 

surface treated. The surface roughness of the SP part improves along with the increase of 

surface coverage, until stabilizing at a constant value [40]. Regarding the aforementioned 

studies, the impact of SP intensity on microstructure, microhardness, and surface waviness 

using glass beads has not been fully characterized for both the as-built and machined 

AlSi10Mg parts fabricated by SLM. 

Sames et al. [20] also presented that heat treatment has a significant impact on 

reducing the porosity of the parts produced using SLM. However, for a specific functional 

part, the dimensional accuracy of AM parts can be negatively affected by thermal post-

processing, as illustrated by Patterson et al. [43]. The processing cost also increases with 

each post-processing treatment, especially for those involving long treatment cycles, as 

stated by Ma et al. [44]. Shot peening also can be used as a post-processing step to improve 

the surface integrity, microstructure, and mechanical properties of the AlSi10Mg as-built 

surfaces as reported by [45]. However, the effective depth of shot peening (100-200 µm) 

might not be sufficient to cover the depth of cut required for the conventional machining 

process.     
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The Friction Stir Processing (FSP) technique is commonly used for the surface 

treatment of cast alloys to modify the microstructure characteristics of a localized area on 

the part surface, as presented by Ma et al. [44]. This technique was developed based on the 

concept of Friction Stir Welding (FSW), which is used to form a solid-state joint often 

involving unweldable soft materials, as stated by Ma et al. [46]. The FSP concept involves 

inserting a pin with a shoulder on a rotating tool to a specific depth inside a single part and 

moving it with a traverse speed along the desired pass, as reported by Ma et al. [44]. Mishra 

and Ma [47] reported that FSP could be used to reduce casting porosity and to improve the 

mechanical properties of components by refining their microstructures. Previous studies 

showed that FSP could be applied to the Al-cast alloys to achieve considerable 

microstructure refinement, generating a fine equiaxed grain structure by implementing a 

severe plastic deformation, as reported by Su et al. [48]. During FSP, the heat generation 

rate and material flow are influenced by the FSP process parameters. These parameters 

include the tool geometry, tool tilt angle, tool rotation speed, transverse speed and target 

depth [47]. Mishra and Ma [47] also stated that the FSP tool is not only responsible for 

material flow along the tool pass, but also generates significant heat in the workpiece and 

tool. The previous studies showed a microstructure refinement by applying FSP on Al- 

alloys. Thus FSP can improve the materials’ fatigue and corrosion resistance as investigated 

by Ma et al. [44] for ASi10Mg cast materials, Chen et al. [49] for Al6061, and Surekha et 

al. [50] for Al2219. However, these studies did not deal with the effect of FSP on as-built 

AlSi10Mg, or HIPed parts fabricated through SLM. 
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In general, the literature studies on the characteristics of Al alloy parts, produced 

using SLM, showed that is essential to optimize the SLM parameters or apply post-

processing treatment. The current research focuses on generating a process map of the 

effect of SLM process parameters and the influence of various post-processing techniques 

on the quality of additively manufactured Al alloy parts. This could help the designer to 

optimize the production process of parts according to the function and material properties 

required for each application. The optimum processing parameters of the Al optics and 

optomechanical components will be investigated to study their effect on the surface quality 

of the micromachined mirror surfaces.  

1.1.3 Fabrication of Metallic Optics  

Optical metallic mirrors are used to generate real or virtual images from space 

telescopes and to transfer the rays through high power laser systems [10]. These mirrors 

should satisfy specific requirements of mirror surface roughness, dimensional accuracy, 

and assembly tolerance [51]. Material selection is essential for system reliability, long-term 

dimensional stability, surface reflectivity, and as such, depends on thermal and mechanical 

properties [10, 52].  Ultra-precision micro-machining is widely used to fabricate metallic 

mirrors via a single point diamond turning (SPDT) technique [53-55]. A desirable surface 

roughness of infra-red (IR) mirrors (10-15 nm RMS) can be reached directly using SPDT 

without the need of polishing.  However, a minimum surface roughness of less than 5 nm 

RMS is required for ultraviolet and near IR reflecting mirrors. The lightweight metal 
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mirrors are frequently fabricated using non-ferrous materials such as Al6061 [54,56,57]. 

Nickel coated AlSi40 mirrors can also be used at a wide range of operating temperatures 

due to the close match in CTE between Ni and AlSi40. The similar CTE could reduce the 

bimetal bending effect and subsequent surface deformation [58].  

Parameters affecting mirror surface finish during micromachining include material 

properties and microstructure, tool geometry, cutting tool edge quality, and relative 

vibration between the tool and workpiece [59]. The presence of material voids, segregations, 

grain boundary densities, and hard particle distribution in the surface region will affect the 

surface finish. The cutting mechanism is significantly influenced by grain orientation, 

which alters the cutting forces associated with each grain. In this case, the surface can 

become rougher as the tool reacts by moving under the different cutting force [60].    

In order to increase the performance of metal mirrors, AM could be used to reduce 

the mirror’s weight, offer more flexible designs, and enhance the mirror structure cooling 

efficiency. Joni et al. [61] studied the cooling performance of additively manufactured 

Aluminum mirrors as illustrated in Figure 1.2. The results demonstrated the ability of AM 

to improve the structure and thermal performance of reflective optical components. 

However, further experimental work was recommended to improve the resolution and 

repeatability of the AM process.  
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Figure 1.2 Optical metal mirrors fabricated using different techniques including AM [61] 

1.2 Motivation and Research Objective 

Additive manufacturing promises to enhance the performance of certain critical 

components in various industrial fields such as space, aerospace, automotive, biomedical, 

and military sectors. However, material properties and quality of the fabricated parts 

present a serious challenge to the certification of these parts for various critical applications. 

Metallic optics and optomechanical components are considered to be one of these critical 

parts, especially for wide space telescopes and high-power laser systems. Inclusion of the 

additive manufacturing technique into the production process of metallic optics could 

improve their performance to unprecedented levels compared to conventional 

manufacturing techniques. This creates a strong incentive to optimize the production 

process of high performance, accurate, and lightweight optics and optomechanical 

components. This application’s production process enables coverage of a wide range of 

studies as shown in Figure 1.3. The current research aims to investigate the influence of 
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powder characteristics and SLM process parameters on the quality of Al alloy parts. This 

will be followed by a comprehensive study of thermal post-processing, shot peening, and 

friction stir processing to eliminate or reduce the as-built surface and microstructure defects. 

Finally, ultra-precision micromachining parameters will be tuned under different material 

properties to satisfy the optical requirement of the mirror and to achieve the desired quality 

of the functional optomechanical components.       

 

Figure 1.3 The areas of research along the production process of optical metal mirrors  

According to literature studies and the stated motivation, the specific objectives of 

this research can be articulated as follows: 

1. To fully characterize both the fresh and recycled AlSi10Mg powders, as well as to 

study the possibility of using the recycled powder as part of a cost-effective SLM 

process. 

2.  To investigate the effect of powder characteristics of both AlSi10Mg and Al6061 

alloys on the as-built part quality. 

www.iof.fraunhofer.de 
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3. To study the influence of SLM process parameters on the quality of Al alloy parts, 

and to find the optimal processing window of qualified AlSi10Mg and Al6061 parts.  

4. To analyze how the post-processing treatments can affect the characteristics and 

quality of the AlSi10Mg parts according to the following:   

I. Studying the effect of thermal post-processing on the microstructure 

homogeneity, which could reduce the anisotropy of the as-built AlSi10Mg 

parts. A microhardness and microstructure map is to be developed 

according to the selected treatment process. 

II.  Assessing the effect of shot peening parameters on improving the surface 

roughness and mechanical properties of the AlSi10Mg as-built parts. 

III. Investigating the influence of friction stir processing on the microstructure 

of as-built and hot isostatic pressed AlSi10Mg samples. This will be 

applied as a new technique of localized surface treatment of additively 

manufactured parts. A map of microhardness and microstructure will be 

developed according to the overlap percentage of tool passes.   

 

5. To assess the micromachining technique of fabricating Al alloy mirrors according 

to their application as follows. 

I. Investigating the effect of different micromachining techniques on the 

surface roughness of the Al alloy as-built and post-processed parts. 
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II. Using the DOE method, to tuning the machining parameters of the diamond 

micro fly-milling of the as-built AlSi10Mg and Al6061, wrought material 

parts.    

III. Investigating the effect of cooling on the surface roughness and residual 

stress of the machined Al alloy parts. 

6. Fabrication of a novel metal mirror structure using additive manufacturing as 

compared to a typical mirror design, and to find out whether a substantial reduction 

in its weight and improvement in performance can be achieved.  

1.3 Thesis Outline 

In compliance with the regulations of McMaster University, the main body of this 

dissertation is assembled in a sandwich thesis format composed of five published journal 

articles addressing the objectives above. Chapter 2-5 contain an outline of the contribution 

made by each of the authors to the paper.  Chapter 6 presents experimental work for the 

ultra-precision machining of metallic optics. This work is being prepared to be submitted 

for publication, and it mainly supports and completes the research under the thesis title. An 

introductory and a final chapter have been added, which contain overall conclusions and 

recommendations for future study. The structure of the thesis chapters is arranged as 

follows: 
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Chapter 2: 

This chapter consists of two papers which illustrate the effect of SLM process 

parameters on the quality of Al alloy parts. 

1. A. H. Maamoun, Yi F. Xue, M. A. Elbestawi, and Stephen C. Veldhuis. Effect 

of Selective Laser Melting Process Parameters on the Quality of Al Alloy Parts: 

Powder Characterization, Density, Surface Roughness, and Dimensional 

Accuracy. Materials 2018, 11, 2343. 

2. H. Maamoun, Yi F. Xue, M. A. Elbestawi, and Stephen C. Veldhuis. The 

Effect of Selective Laser Melting Process Parameters on the Microstructure 

and Mechanical Properties of Al6061 and AlSi10Mg Alloys. Materials 2019, 

12, 12. 

Preface:  

A comprehensive study of the effect of SLM process parameters on the quality of 

AlSi10Mg and Al6061 parts is presented in two separate papers [62, 63]. The first paper 

delivers a full powder characterization of AM powders and investigates the influence of the 

SLM process parameters on the performance characteristics of the as-built samples. These 

characteristics consist of relative density, surface roughness, and dimensional accuracy. An 

optimal processing window of SLM process parameters was determined for each material 

to achieve the optimum part performance characteristics. Microstructure characterization 

and the behavior of mechanical properties were thoroughly covered in the second paper. 
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The effect of powder characteristics and that of build platform preheating on the mechanical 

properties was compared to the results reported in the literature studies. 

Chapter 3: 

In this chapter, an experimental study is presented to evaluate the effect of thermal 

post-processing of AlSi10Mg parts, using recycled powder, with the aim of improving the 

microstructure homogeneity of the as-built parts. This study was published in the Additive 

Manufacturing Journal [32].     

Preface:  

Both recycled and fresh AlSi10Mg powders are characterized and compared 

according to the ASTM standard ASTM F3049-14. This comparison was conducted to 

study the possibility of using the AlSi10Mg powder recycled after 19 build cycles as part 

of a cost-effective SLM process. Thermal post-processing is recommended because the 

optimization of SLM process parameters did not completely eliminate the defects and 

microstructure inhomogeneity of the as-built parts. The influence of Thermal post-

processing was investigated through various treatments such as annealing, solution heat 

treatment (SHT), and T6 treatment. The results were represented by a processing map 

showing the microhardness and microstructure through each thermal post-processing 

treatment.    
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Chapter 4: 

This chapter evaluates shot peening (SP) as a surface post-processing treatment of 

the as-built parts produced by SLM. The study was published in the journal of 

manufacturing and materials processing (JMMP) [45].  

Preface:  

SP could satisfy a sufficient surface finish of the end use parts without significantly 

affecting the dimensional tolerance of the part. In this study, the effect of SP intensity was 

investigated, using glass beads, on the surface roughness, hardness, and residual stress of 

the as-built AlSi10Mg parts. The selected SP parameters were applied on different as-built 

surface textures. Microstructure characterization was performed to show the mechanism of 

different process parameter shot peening on the development of the microstructure under 

the peened surface. The hardness and residual stress are also measured along the depth 

away from the peened surface. 

Chapter 5: 

This chapter presents a novel surface post-processing technique using friction stir 

processing (FSP) to homogenize the microstructure of the as-built AlSi10Mg parts at a 

greater depth than any of the traditional surface treatments such as sandblasting or shot 

peening.  This study was published in the journal of materials processing technology (JMPT) 

[64]. 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

38 

 

Preface: 

FSP is recommended as a localized surface treatment that can be applied to 

homogenize the microstructure of the as-built surface to a specific depth. This might be 

helpful to keep consistent properties all over the surfaces in need of machining. This 

chapter’s study focuses on FSP’s effect on the microstructure and hardness of the as-built 

and hot isostatic pressed (HIPed) AlSi10Mg samples. A hardness map was established to 

investigate the impact of FSP on the microstructure and microhardness. The data 

integration and processing steps outlined in this study can be used to select  FSP process 

parameters which satisfy part requirements and facilitate the successful machining of parts 

after FSP, where surface integrity and hardness are essential characteristics. 

Chapter 6: 

This chapter demonstrates the effect of micromachining additively manufactured 

parts before and after different post-processing treatments. The micro fly-milling and SPDT 

techniques are implemented using a single crystal diamond insert. A full design of 

experiment (DOE) study investigated the effect of machining parameters on surface 

roughness. Surface roughness behavior was studied according to workpiece material 

properties. Part surface finish was investigated to verify the optical requirements of metallic 

mirrors. The mirror structure design by additive manufacturing (DFAM) was compared to 

the current industrial mirror design to demonstrate AM’s  ability to reduce the weight and 

increase performance of the optical mirror.  
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Chapter 7: 

This chapter presents the summary and conclusions drawn from the current research 

studies. It also illustrates the major contributions achieved, and the ways to enhance 

performance of the lightweight aluminum optical mirrors. Recommendations for widening 

the perspective of future work are included. 

1.4 A note to the Reader 

Since this thesis consists of a series of journal articles, repetition of certain 

material might be found during reading. In particular, there is some overlap in the 

introduction section of some chapters. In addition, the sections describing experimental 

instruments and measurement methodology in some of the chapters contain significant 

repetition since the same facilities were used in all experiments. However, the background 

section of each chapter provides more specific references related to the study presented in 

every paper. 
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Clarification points: 

This chapter presents a comprehensive study that focuses on the effect of SLM 

process parameters on the quality of AlSi10Mg and Al6061parts. The whole study was 

conducted in two papers. The first paper investigates the influence of SLM process 

parameters on the performance characteristics of relative density, surface roughness, and 

dimensional accuracy. Microstructure characterization and the behavior of mechanical 

properties were thoroughly covered in the second paper.  

The study resulted in the development of an optimal processing window of SLM 

process parameters for AlSi10Mg and Al6061 alloys. The effect of powder characteristics 

and build platform preheating on the mechanical properties was also illustrated and 

compared to the results reported in literature. 
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2.1 Effect of SLM process parameters on the quality of Al 

Alloy parts: powder characterization, density, surface 

roughness, and dimensional accuracy 

Ahmed H. Maamoun *1), Yi F. Xue1), Mohamed A. Elbestawi 1), Stephen C. Veldhuis1) 

1)McMaster University, Department of Mechanical Engineering, 

1280 Main Street West Hamilton, ON, Canada, L8S 4L7 

Abstract:  

Additive manufacturing (AM) of high strength Al alloys promises to enhance the 

performance of critical components related to various aerospace and automotive 

applications. The key advantage of AM is its ability to generate lightweight, robust, and 

complex shapes. However, the characteristics of the as-built parts may represent an obstacle 

to satisfy the part quality requirements. The current study investigates the influence of 

selective laser melting (SLM) process parameters on the quality of parts fabricated from 

different Al alloys. A design of experiment (DOE) is used to analyze relative density, 

porosity, surface roughness, and dimensional accuracy according to the interaction effect 

between the SLM process parameters. The results show a range of energy densities and 

SLM process parameters for the AlSi10Mg and Al6061 alloys needed to achieve “optimum” 

values for each performance characteristic. A process map is developed for each material 

by combining the optimized range of SLM process parameters for each characteristic to 

ensure good quality of the as-built parts. This study is also aimed at reducing the amount 

of post-processing needed according to the optimal processing window detected. 
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* Corresponding author contact: maamouna@mcmaster.ca; elbestaw@mcmaster.ca  

2.1.1 Introduction 

High-strength aluminum alloys (Al alloys) are typically used for the production of 

lightweight critical components for a variety of applications in space, aerospace, 

automotive, military, and biomedical fields [1]. Additive manufacturing (AM) offers 

additional flexibility in the design and manufacturing of parts, particularly the ability to 

fabricate complex geometries without the need for custom tools [2]. SLM offers superior 

dimensional accuracy and material quality of the fabricated parts [3].   

SLM is a layer-by-layer process, in which the laser beam selectively melts the 

powder layer according to slices generated from the three-dimensional designed model. 

SLM possesses rapid melting and solidification rates, and thus is applicable for a narrow 

selection of materials according to their coefficient of thermal expansion (CTE).  In 

addition, optimization of the SLM process parameters of Al alloys is hampered by part 

defects due to energy loss in the laser beam projected to the powder bed surface. The quality 

of Al alloys produced by SLM could be influenced by the chemical composition and CTE 

of the material used. Galy et al. [4] showed that porosity, hot cracking, anisotropy, and 

surface quality are the principal defects of Al alloy parts. They also demonstrated that 

selection of SLM process parameters and the laser beam energy loss due to Al reflectivity 

are the primary causes of porosity and hot crack formation. The pre-mixing of Al alloy 

mailto:maamouna@mcmaster.ca
mailto:elbestaw@mcmaster.ca
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powder with some composite materials might improve the material properties of the SLM 

as-built parts [5,6]. However, the quality and material properties of the Al alloy parts can 

be customized according to the SLM parameters selected without pre-mixing with other 

elements.   

Some of the SLM process parameters can be controlled, such as laser power, scan 

speed, hatch spacing, and powder layer thickness. The energy density is a function of these 

parameters. Optimization of the SLM process parameters is an essential step for controlling 

material characteristics and the quality of the fabricated parts. Sufiiarov et al. [7] showed 

that using a 30 µm powder layer thickness could result in higher strength and lower 

elongation for Inconel 718 than the values obtained with a 50 µm layer thickness. Nguyen 

et al. [8] also studied the effect of the powder layer thickness within a range from 20 to 50 

µm. Their results showed that as the thickness of the powder layer diminishes, part density 

and dimensional accuracy increase. Cheng et al. [9] investigated the effect of scanning 

strategy on the stress and deformation of parts. Their results showed that minimum stress 

and deformation values are obtained using a layer orientation strategy with an angle of 45˚ 

or 67˚. The powder feedstock quality also represents an essential parameter that might 

affect part characteristics. Sutton et al. [10] reported that the powder morphology, 

microstructure, and chemical characteristics could change depending on the production 

method such as gas, water, or plasma atomization techniques. This could generate a 

difference in quality between the parts produced using different feedstock powders [11,12].  
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Various studies [13–17] utilized a design of experiment (DOE) approach to 

investigate the effect of SLM process parameters on AlSi10Mg part quality, by evaluating 

their density, surface roughness, and dimensional accuracy. Read et al. [14] used the 

response surface methodology (RSM) to evaluate the influence of SLM process parameters 

on part porosity. Their study was limited by the use of a laser power up to 200 W. The 

results showed that minimum porosity was obtained at a critical energy density of 60 J/mm3. 

Abouelkhair et al. [15] used one factor at a time (OFAT) method to optimize the SLM 

process parameters for producing dense parts. They achieved an optimum combination of 

laser power, scan speed, and hatch spacing which resulted in a 99.77% relative density. 

Hitzler et al. [17] demonstrated that the surface roughness of the as-built samples varies 

according to their position on the build plate. They also concluded that the increase of 

energy density resulted in higher values of roughness on the surface of the side faces, 

compared to the roughness values measured on the top surface. Calignano et al. [16] used 

the Taguchi method to investigate the effect of the SLM process parameters on the surface 

roughness of the parts. They found that the laser scan speed has a significant influence on 

the surface roughness. Lower surface roughness was obtained using a scan speed of 900 

mm/s, 120W laser power, and 0.1 mm hatch spacing. Han et al. [18] reported that a decrease 

in surface roughness, combined with an increase of the laser scan speed, results in better 

dimensional accuracy. It is worthwhile to note that the previous studies used the DOE 

within a range of laser power up to 200 W. However, the post-processing treatment is also 

considered to be an essential stage of reducing the defects inside the as-built parts. This in 

turn, raises the final production cost of the parts [19–21]. Consequently, the optimization 
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of the SLM process parameters has a significant role in optimizing the steps of the 

manufacturing process. This might lead to a cost-effective process for specific applications 

which are compatible with the characteristics of the as-built parts.        

 In general, Al6061 is seldom used for SLM. Fulcher et al. [22] reported that Al6061 

parts have a lower dimensional accuracy compared to the AlSi10Mg parts due to higher 

CTE. High strength Al alloys such Al6061 and Al7075 series have low Mg and Si content 

which might result in hot cracking and formation of large columnar grains [23]. Louvis et 

al. [24] reported that low relative density parts of Al6061 might be produced via SLM due 

to the effect of oxide formation inside these parts. This might result from the relatively low 

laser power used, (100W) which may not be enough to achieve complete melting. In general, 

more research is required to evaluate the effect of SLM process parameters on the as-built 

Al6061 characteristics such as density, surface roughness, and dimensional accuracy. In 

addition, the effect of Si content requires further investigation aimed at optimizing the 

process parameters.  

In this study, a comprehensive experimental work using the DOE approach is 

performed to evaluate the influence of the SLM process parameters on the quality of as-

built Al alloys. The current work focuses on investigating the density, surface topology, 

and dimensional accuracy of AlSi10Mg and Al6061. SLM process parameters are selected 

over a wide range of laser power, scanning speed, and hatch spacing values. Part 

characteristics are evaluated for various SLM parameters to develop a process map which 

displays the effect of Si content on part quality. Maamoun et al. [25] also covered the impact 
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of the SLM process parameters on the microstructure and mechanical properties of the same 

Al alloys. This work aims to investigate the limits of SLM in fabricating critical 

components for the aerospace industry using these alloys. In particular, the current research 

is focused on producing high-quality metallic optics and optomechanical components to 

improve the performance of telescopes and laser systems. 

2.1.2 Experimental procedure 

2.1.2.1 Material 

Powder characterization was performed according to ASTM F3049-14. The 

powders chemical composition was evaluated using Energy X-ray dispersive Spectroscopy 

(EDS). The powder size distribution was measured using laser diffraction by dispersing the 

powder in water. The powder morphology was investigated using a Scanning Electron 

Microscope (SEM). A diffractometer equipped with a cobalt sealed tube source and an area 

detector was used to obtain the X-ray diffraction (XRD) phase pattern for both powders. 

2.1.2.2 Design of experiment 

A DOE was developed to evaluate the response of the SLM process parameters 

and the volumetric energy density with respect to the as-built parts quality. The volumetric 

energy density is defined as follows: 

𝐸𝑑 =
P

V𝑠 ∗ 𝐷ℎ ∗ T𝑙
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Where the Ed is the energy density (J/mm3), P is the laser beam power (W), Vs is 

the laser scan speed (mm/s), Dh is the hatch spacing between scan passes, and Tl is the 

deposited layer thickness (µm). The OFAT method was used to analyze the performance 

of the AlSi10Mg samples. Eight different samples were produced with six replications for 

each. Several SLM parameters were selected to build the AlSi10Mg samples as listed in 

Table 2.1, with a constant layer thickness of 30 µm. The effect of the laser power, scan 

speed, hatch spacing, and energy density on the as-built part characteristics are evaluated 

with regression analysis.   

A full factorial DOE was developed using the response surface over a wide range 

of SLM parameters. Two sets of three SLM parameters (laser power, scanning speed, and 

hatch spacing) were selected as presented in Table 2.2. Three samples for each SLM 

parameters group were fabricated for a total of 48 samples. The energy density (Ed) for the 

Al6061 study was selected within a higher range (40-125 J/mm3) compared to the Ed used 

for AlSi10Mg (27-65 J/mm3). This is due to the higher reflectivity of laser power for 

Al6061, which results in less energy absorption by the powder particles. The overlap of 

SLM parameters for some samples of AlSi10Mg and Al6061 enabled investigation of each 

material at equal parameters. The correlation coefficient (R2) is used to indicate how the 

regression models fit with the measured data, this factor was added to each performance 

characteristic map for each material.    

 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

55 

 

Table 2.1 : The SLM process parameters used for building the AlSi10Mg samples. 

Sample# P 

(W) 

Vs 

(mm/s) 

Dh 

(mm) 

Ed 

(J/mm3) 

AS1 370 1000 0.19 65 

AS2 370 1300 0.15 63.2 

AS3 370 1300 0.19 50 

AS4 350 1300 0.19 47.2 

AS5 370 1500 0.19 43.3 

AS6 300 1300 0.19 40.5 

AS7 370 1300 0.25 38 

AS8 200 1300 0.19 27 

Table 2.2 : The SLM process parameters applied for fabricating the Al6061 samples. 

Sample# P 

(W) 

Vs 

(mm/s) 

Dh 

(mm) 

Ed 

(J/mm3) 

Sample# P 

(W) 

Vs 

(mm/s) 

Dh 

(mm) 

Ed 

(J/mm3) 

1A 370 1000 0.1 123.3 11A 370 800 0.15 102.8 

2A 300 1000 0.1 100 12A 350 800 0.15 97.2 

3A 370 1300 0.1 95 13A 370 800 0.19 81.1 

4A 300 1300 0.1 76.9 14A 350 800 0.19 76.8 

5A 370 1000 0.19 65 15A 370 1300 0.15 63.2 

6A 300 1000 0.19 52.6 16A 350 1300 0.15 59.8 

7A 370 1300 0.19 50 17A 370 1300 0.19 50 

8A 300 1300 0.19 40.5 18A 350 1300 0.19 47.2 

2.1.2.3 SLM process parameters 

The AlSi10Mg and Al6061 parts were fabricated by an EOSINT M290 machine 

equipped with a 400W Yb-fiber laser using a 100 µm laser beam diameter. The same layer 

thickness of 30 µm and layer orientation angle of 67˚ were selected for all samples 

undergoing strip scan, and 0.02 mm laser beam offset. The build chamber was vacuumed 

with Argon to reduce the oxygen content below 0.1%, and thus the possibility of oxide 

formation in the produced parts. All samples were fabricated as 15 mm cubes according to 

the SLM parameters listed in Tables 2.1 and 2.2.  A preheating technique was applied to 
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the build platform at 200 ˚C before starting the build to minimize the thermal residual 

stresses (by reducing the thermal gradient between the deposited layers).    

2.1.2.4 Sample characterization method 

In the current study, the as-built part characterization focuses on relative density, 

internal porosity, surface roughness, and dimensional accuracy. Archimedes method was 

used to measure the density of the as-built cubes for both AlSi10Mg and Al6061 samples. 

The relative density was also evaluated after sample surface polishing to investigate the 

percentage of internal porosity. Density measurement via water displacement, according to 

ASTM B962-17, was performed with an electronic densimeter (MD-200S).  

Surface roughness measurements were performed according to ASTM D7127-17 

with a Mitutoyo SJ-410 surface tester. Five measurements at intervals of 4.5 mm were 

conducted on the cubic specimen’s top surface, and their average was taken at each location. 

A light microscope (Alicona Infinite Focus G5) was used to capture the surface texture of 

some of the AlSi10Mg and Al6061 samples. The area tested is 10 mm x 10 mm using a 

10x magnification lens, and surface roughness also was measured to validate the values 

obtained by the mechanical stylus.  

The measurement of geometric dimensions and tolerances (GD&T) was conducted 

with a Mitutoyo CRYSTA-Apex S544 Coordinate Measuring Machine (CMM) which 

includes an SP25M stylus. This machine has a resolution of 0.1m within a working zone 

of 500mm x 400mm x 400mm. The tested surface was probed at 10 measurement points 
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along each sample’s face. Flatness, perpendicularity, and parallelism were measured for all 

sample faces except the bottom. 

2.1.3 Results and Discussion 

2.1.3.1 Powder Characterization 

The characteristics of the gas atomized AlSi10Mg and Al6061 powder, supplied by 

the LPW Company, were examined according to ASTM F3049-14. The powder was sieved 

with a 75 µm mesh before being characterized. The morphology of both powders was 

detected using SEM as illustrated in Figure 1. The SEM observations show a relatively 

higher percentage of elongated or irregular shape particles in the AlSi10Mg powder 

compared to the spherical particles detected for the same alloy provided by a different 

supplier as reported by Maamoun et al.[19,20]. Figure 2.1(a, b) shows that the Al6061 

powder also has a greater percentage of spherical particles compared to the AlSi10Mg 

powder shown in Figure 2.1(c, d). The existence of irregular or elongated particles might 

reduce powder flowability and homogeneity of the powder layer distribution, and thus 

negatively affect the quality and density of the fabricated parts [11]. The combination of a 

wide range of fine and coarse particles could increase the powder packing density, but it 

reduces the flowability due to the effect of powder cohesion and inter-particle forces [11]. 

The weight percentage of the chemical elements of both powders were detected with EDS, 

as listed in Table 2.3. The results reveal higher Si content inside the AlSi10Mg powder, 

and relatively lower weight percentage of Mg, Cu, and Fe compared to the Al6061 powder. 
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The influence of this difference in chemical composition, in addition to the effect of powder 

particle shape, on the characteristics of the as-built parts, will be discussed in the following 

sections. 

 

Figure 2.1 : The SEM observations of the powder morphology: a, b) Al6061 

powder; and c, d) AlSi10Mg powder. 

Table 2.3:  The EDS analysis of the Al6061 and AlSi10Mg powders chemical 

composition. 

Element Si Mg Cu Fe Al 

Al6061 wt% 1.2 0.77 0.32 0.90 Balance 

AlSi10Mg wt% 11.34 0.28 0.08 0.32 Balance 

Figure 2.2 illustrates the profile PSD of AlSi10Mg and Al6061 powder attributes 

with a positively skewed profile. This PSD profile could achieve a better surface quality 
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and higher density compared to negatively skewed and Gaussian distribution grades by 

increasing the laser energy absorption [11,26]. The quantitative data of PSD presented in 

Table 2.4 show that the particle size ranges from 12 to 110 µm for the AlSi10Mg, and from 

12 to 120 µm for the Al6061 powder. These results indicate the presence of larger sized 

particles compared to the mesh size used for sieving. This might be related to the elongated 

particles detected with a smaller cross-section which permits filtration through the mesh 

during sieving. Table 2.4 data also illustrate that for AlSi10Mg and Al6061 powder, 90% 

of the particles are less in size than the sieving mesh (75 µm) where D(0.9) is measured as 

66.55 and 71.92 µm respectively.  

The XRD phase patterns of AlSi10Mg and Al6061powder were detected as 

shown in Figure 2.3. The Al and Si peaks were identified according to the Joint Committee 

on Powder Diffraction Standards (JCPDS) patterns of 01-089-2837, 01-089-5012 

respectively. The low-intensity of the Si peaks in the Al6061 phase pattern, is due to its 

small weight percentage inside that alloy. For the AlSi10Mg powder, the higher intensity 

of Si peaks and the slight shift of the Al peaks to the left indicates a lower solubility of Si 

in AlSi10Mg compared to Al6061[27].  
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Figure 2.2 : Particle size distribution of the Al6061 and AlSi10Mg powders. 

Table 2.4: The values measured for the particle size distribution of the Al6061 and 

AlSi10Mg powders. 

 

Figure 2.3 : The XRD phase patterns of the Al6061 and AlSi10Mg powders. 

Sample type D(0.1) D(0.5) D(0.9) 

Al6061 Powder Diameter 

(µm) 

22.83 41.27 71.92 

AlSi10Mg Powder 23.16 39.62 66.55 
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2.1.3.2 Relative Density 

Figure 2.4 shows the effect of energy density on the formation of pores inside the 

as-built AlSi10Mg part. The results show that the low energy density of 27 J/mm3 in the 

AS8 sample, could cause significant keyhole porosity due to the lack of fusion of powder 

particles during the SLM process as shown in Figure 2.4(a). The keyhole pores are observed 

along the building direction within the layer boundaries, which have an irregular elongated 

shape due to the low energy density. The keyhole pores might form either due to insufficient 

energy delivered to the powder particles or due to the entrapment of gas bubbles between 

the interlayers during laser scanning [28]. The keyhole pore size reaches 200 µm and 

gradually decreases as the energy density increases, until disappearing when the energy 

density value exceeds 50 J/mm3. Inside the keyhole pores, partially melted particles are 

visible, as shown in Figure 2.4(d). This may occur due to trapping of the consolidated 

powder inside the keyhole pore as a result of the low energy incident on the powder particle 

surface. However, the spherical hydrogen pores or metallurgical pores are observed within 

10 µm size at 50 J/mm3 as shown in Figure 2.4(b, e). The average size of these spherical 

pores tends to grow by more than 20 µm at 65 J/mm3 as illustrated in Figure 2.4(c, f). The 

mechanism of pore formation at high fusion rates might be related to the pores existing 

inside the gas atomized powder particles [4]. They may also result from the balling 

phenomena where the melted powder failed to wet the previously deposited layer [29]. The 

melt pool viscosity might also change according to the applied energy density, and this 

could affect the porosity formation inside the as-built parts [30].   
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Figure 2.4 : Pores observed inside the as-built AlSi10Mg sample fabricated at different 

SLM parameters; a, d) AS8, b, e) AS3, and c, f) AS1. 

The mechanism of pore formation inside the as-built AlSi10Mg samples 

according to the SLM process parameters presented in Figure 2.4, is validated after 

evaluating the relative density. Figure 2.5 illustrates the map developed by the regression 

model generated from the DOE analysis. This map describes the effect of laser power, scan 

speed, hatch spacing and energy density on the relative density of the as-built AlSi10Mg 

parts. The results show the optimum range of process parameters which allow the least 

amount of spherical and keyhole pores to reach the highest possible relative density value 

of the part. The energy density value between 50 to 60 J/mm3 produces a high relative 

density reaches 99.7%. Beyond this range, the relative density diminishes either due to the 

lack of fusion at the lower energy density, balling formation at the higher energy density, 

or hydrogen gases trapped inside the powder particles. It is worthwhile to note that higher 

values of the as-built part density could be obtained according to optimized SLM process 

parameters compared to the values reported by different literature studies [14,31–33]. In 
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order to evaluate the internal porosity inside the as-built cube samples, their outer sides 

were polished before  the relative density was re-measured. As shown in Figure 2.5(b), the 

relative density of the polished samples reaches 99.9 at an energy density of 50 J/mm3 with 

a 0.1-1% reduction in porosity.  By comparing the relative density between the as-built and 

polished sample, it can be concluded that an increase in hatch spacing or scan speed 

parameters significantly increases the porosity on the sample surface, as illustrated in 

Figure 2.5.   This effect might result from the reduction of the material solidification rate 

at a higher scan speed and hatch spacing due to heat accumulation. The effect of laser power 

indicates a significant impact of the growth of the melting rate and energy on the relative 

density of the as-built part. It is worth noting that the porosity percentage could be reduced 

after preheating the build platform prior to the sample build as reported by Siddique et al. 

[34]. 

 Figure 2.6 shows the microscopic observations of the polished as-built Al6061 

samples fabricated at different SLM process parameters listed in Table 2.2. Different sizes 

of micro-cracks are observed between the samples along the Z-direction and the XY-plane. 

As shown in Figure 2.6, a lower porosity percentage is observed compared to the as-built 

AlSi10Mg samples. The keyhole pores are also reduced until they are hardly noticeable, 

with the exception of some spherical hydrogen pores. However, the relative density is 

relatively lower than that of the AlSi10Mg samples due to the presence of micro-cracks. 

The size of these micro-cracks depends on the thermal gradient between the deposited layer 
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in addition to the COE of the alloy, and this is also affected by changing the SLM process 

parameters applied.    

 

Figure 2.5 : Relative density of the as-built AlSi10Mg samples vs. a) Laser power (W), b) 

Energy density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 

Figure 2.6 (a-c) shows the longitudinal microcracks formed along the Z-direction. 

The different size of these cracks is obtained according to the applied SLM parameters. The 

smallest size and density of the cracks were observed after the applied energy density 

reached 102.8 J/mm3 in the 1A sample. However, no specific trend was detected between 

the energy density and the density of cracks, which is in agreement with Debroy et al. [31]. 

As illustrated in Figure 2.6(d-f), the micro-cracks along the XY plane are shaped as semi-
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closed loops similar in form to an equiaxed grain, but they are not entirely closed or sharp-

edged. The results show that the laser scan speed is the leading parameter affecting crack 

formation. The crack density, along with the building direction, increases along with energy 

density from 40.5 to 76.9 J/mm3 at the same scan speed ( 1300 mm/s) as shown in Figure 

2.6 (a, b) respectively. However, the crack density displayed in Figure 2.6(c), is 

significantly reduced at a higher energy density (102.8 J/mm3) with a lower scan speed of 

800 mm/s. Consequently, the scan speed has a more substantial effect on hot crack 

formation than the applied energy density, since it controls the rate of solidification. The 

size of the semi-closed cracks formed in the XY plane tends to grow alongside scan speed 

reduction as noted in Figure 2.6(d-f). The indents presented in Figure 2.6 (d-f) are formed 

during the microhardness measurement that is reported by Maamoun et al. [25]. 

 

Figure 2.6 : Pores observed inside the as-built Al6061 samples processed through 

different SLM parameters; a, d) 8A, b, e) 4A, and c, f) 1A. 
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Figure 2.7 presents the plots generated via the DOE analysis using the effect of the 

two combined process parameters on the relative density of the as-built part. It can be 

concluded that relative density tends to increase along with laser power and energy density, 

while a lower rate of the laser scan speed leads to denser parts. A significant relationship 

can be seen between laser power and scan speed as illustrated in Figure 2.7 (c, d). A relative 

density average of 98.2% ± 0.5 is measured according to the selected process parameters 

where the maximum relative density reaches 98.72% at energy density 102.8 J/mm3 

(sample 11A). These plots validate the trend obtained from the microscopic observations 

in Figure 2.6 and confirm the effect of the laser scan speed on crack formation and relative 

density. The cracks observed inside the as-built parts could result from the hot crack 

phenomena which occur during material solidification, due to combined chemical 

composition of the material. Kou et al. [36] reported that adding filler materials during 

welding to the Al alloys susceptible to crack formation, could eliminate the cracks and 

enhance the alloy’s weldability. This explains the crack free structure obtained in the as-

built AlSi10Mg parts, which have a high Si content compared to Al6061.   
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Figure 2.7 : Relative density of the as-built Al6061 samples vs. a) Laser power (W), b) 

Energy density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 

2.1.3.3 Surface topology 

The surface topology analysis of the as-built AlSi10Mg and Al6061 parts is 

conducted with SEM, displaying the 3D surface texture, and mapping the surface roughness 

relationship with SLM process parameters according to the DOE analysis regression model. 

The surface defects of the as-built AlSi10Mg parts are exhibited in Figure 2.8 for different 

samples alongside energy density increase. Figure 2.8(a, d) shows the rough surface 

obtained from the AS8 sample fabricated using a low energy density of 27 J/mm3. 
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According to SEM observations, this high roughness results from surface pores forming 

due to a lack of fusion and partially melted powder adhering to the surface. As shown in 

Figure 2.8(b, e), an  increase of energy density in the AS3 sample to 49.9 J/mm3 , improves 

surface roughness by eliminating noticeable surface pores and by reducing the density of 

the partially melted powder attached to the surface. However, the tracks of laser scanning 

are still visible with the commencement of balling phenomena. Figure 2.8 (c, f) shows a 

better surface on the AS1 sample after applying a higher energy density of 63 J/mm3. This 

eliminates the tracks of laser scanning, but the balling effect is still present. The balling 

phenomena occurs at higher energy density levels due to the surface tension generated 

around the melted powder particles. This  represents an obstacle to the wetting of the 

underlying substrate layer by the melted powder [35]. It is also worthwhile to note that the 

effect of the balling phenomena increases as energy density exceeds 65 J/mm3. As a result, 

the part build fails due to the detachment of the powder layer, which had melted on the top 

of the underlying layer.  

Figure 2.9 exhibits the 3D surface texture of the as-built AlSi10Mg samples; the 

results show a significant improvement of the surface roughness alongside an increase of 

the energy density up to a specific limit. As shown in Figure 2.9(a), applying a low energy 

density of 27 J/mm3 resulted in a rough texture with an average of 15 µm surface roughness. 

As illustrated in Figure 2.9(b), the surface roughness decreased to 10 µm at a relatively 

high energy density of 40.5 J/mm3. The surface roughness continues to decrease until 
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reaching the lowest value of 4.5 µm at an energy density of 65 J/mm3 as presented in Figure 

2.9(c, d).  

 

Figure 2.8: The SEM observations on the as-built surface of AlSi10Mg samples; a) AS8, 

b) AS3, and c, f) AS1. 

The mapping of the SLM process parameter effect on the surface roughness of 

the as-built AlSi10Mg parts is illustrated in Figure 2.10. The regression model generated 

by the energy density effect on surface roughness shows a good agreement with the 

measured values. The laser power effect reveals the same trend as the energy density 

influence on the samples’ surface roughness as shown in Figure 2.10(a, b). The map 

displayed in Figure 2.10(c) also shows that the increasing of hatch spacing value resulted 

in a more rough surface due to decreasing overlap between the melted tracks, which agrees 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

70 

 

with the trend presented by Foster et al. [37]. Surface roughness also increases with the 

laser scan due to the reduction of the molten layer solidification rate as presented in Figure 

2.10(d). Superior surface roughness of 4.5 µm is achieved under an Ed of 65 J/mm3 at 370W 

laser power, 1000 mm/s scan speed, and 0.19 mm hatch spacing, which is in good 

agreement with the regression model.  

 

Figure 2.9: The 3D surface texture of the as-built AlSi10Mg samples; a) AS8, b) AS6, c) 

AS3, and d) AS1. 
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Figure 2.10: Surface roughness of the as-built AlSi10Mg samples vs. a) Laser power (W), 

b) Energy density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 

      Figure 2.11 shows that the surface defects of as-built Al6061 parts are more 

significant than those of the AlSi10Mg parts. These defects are present in the partially 

melted powder adhering to the surface at a low energy density, surface porosity, and course 

solidified tracks of laser scanning as illustrated in Figure 2.11 (a). The surface finish 

gradually improves as energy density increases from 50 to 123.3 J/mm3 as illustrated in 

Figure 2.11(a-c). In Figure 2.11(d-f), micro-cracks are also observed at a high microscopic 

magnification within a size of 50-200 µm, concentrated at the end of the laser tracks along 

the XY plane due to high thermal stress. These cracks adversely affect the surface 
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roughness of the as-built Al6061 parts, which is why SLM process parameters need to be 

optimized to reduce micro-crack formation.    

 

Figure 2.11: The SEM observations on the as-built surface of Al6061 samples; 

a, d) 7A, b, e) 14A, and c, f) 1A. 

3D surface texture of Al6061 samples in Figure 2.12 confirms the trend of surface 

finish improvement from the application of a higher energy density. The energy density 

range of Al6061 (40.5-123.3 J/mm3) is shifted to a higher value compared to the limited Ed 

range of the AlSi10Mg alloy (27-65 J/mm3). This is due to the higher reflectivity and CTE 

of Al6061 compared to AlSi10Mg, which requires more energy to completely melt the 

powder layer. However, balling phenomena effect propagates at higher energy densities, 

limiting the applicable values of Ed.       
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Figure 2.12: The 3D surface texture of the as-built Al6061 samples; a) 8A, b) 6A, 

c) 14A, and d) 11A. 

The regression model derived from surface roughness values versus SLM process 

parameters is presented in Figure 2.13. The plots illustrate that the higher the laser power, 

the lower the roughness of the sample surface becomes. The lowest surface roughness of 3 

µm was obtained at 370 W laser power, 800 mm/s of scan speed, and 0.15 mm hatch 

spacing, which is in good agreement with the surface roughness measured for parts 

fabricated at an energy density of 102.8 J/mm3. In addition, no connection was detected 

between the effect of laser power on surface roughness and the change in both scan speed 

and hatch spacing parameters as illustrated in Figure 2.13(b, c). However, a substantial 
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relationship was noted between the scan speed and hatch spacing effect on the surface 

roughness at a constant laser power value. The parabolic shape of the energy density impact 

indicates an optimum value of 102.8 J/mm3 which results in a better surface finish as shown 

in Figure 2.13(b). 

 

Figure 2.13: Surface roughness of the as-built Al6061 samples vs. a) Laser power (W), b) 

Energy density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 
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2.1.3.4 Dimensional accuracy 

The dimensional accuracy analysis is performed according to the CMM 

measurements for both dimensional length tolerance and the top surface flatness of the as-

built AlSi10Mg and Al6061 parts. The values measured along the XY plane were used to 

generate the regression models which represent the effect of SLM process parameters on 

each characteristic. Figure 2.14 shows the dimension tolerance of the average cube length 

for each sample. According to the recorded results, oversize dimension measurements are 

compared to the designed values, and there is no contraction observed in the cube sample 

length. The oversize in the cube length results from the balling effect, partial melted 

particles on the sample surface, which thus affects the outer surface stair step profile [16]. 

After excluding the 0.02 mm laser beam offset, the dimension tolerance ranges from 0.15 

up to 0.195 mm. Figure 2.14(c) shows that hatch spacing is the leading parameter affecting 

the dimension tolerance accuracy in addition to laser power. The surface flatness difference 

between the samples tested shows a smaller range of change of 0.035 to 0.09 mm, due to 

the application of a small 30 µm layer thickness. Figure 2.15 shows the surface flatness 

behaviour according to the change of SLM process parameters. It is observed that the hatch 

spacing and scan speed are the main parameters affecting part surface flatness. The higher 

the scan speed and hatch spacing, the lower the surface flatness error obtained. Figure 

2.15(b) also shows a good agreement between the regression model of the energy density 

effect on surface flatness and the measured values. The results indicate that the surface 

flatness error increased together with an increase of energy density.   
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Figure 2.14: Dimension tolerance of the as-built AlSi10Mg samples vs. a) Laser power (W), b) 

Energy density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 

Figure 2.15: Surface flatness of the as-built AlSi10Mg samples vs. a) Laser power (W), b) Energy 

density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 
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The as-built Al6061 parts show a different behaviour for the dimensional 

tolerance values than that of AlSi10Mg parts. As illustrated in Figure 2.16, SLM parameters 

can affect the dimension tolerance by either expanding or contracting dimensions, and 

could thus depend on the applied energy density. This might be caused by a change in melt 

pool dimensions generated by the energy density [18]. The sample dimension tolerance 

shows a good agreement with the regression model curve. Figure 2.16(b) shows that an 

energy density higher than 76.8 J/mm3 results in higher dimension tolerance than the 

original value. However, energy density applied below this level could lead to part 

dimension contraction due to the high CTE of Al6061, which results in an increased rate 

of heat dissipation and solidification. It is also noticed that part contraction occurs at lower 

rates of hatch spacing and higher scan speeds.  

In Figure 2.17, the surface flatness of Al6061 samples demonstrate a range of 

0.05 to 0.24 mm, which is significantly higher than in the AlSi10Mg sample. This elevated 

surface flatness disparity might be due to the higher CTE of the Al6061 material which 

reduces heat accumulation inside the part. This difference in the surface flatness might also 

result from hot cracks forming inside the part after solidification, low Si content in Al6061, 

and its high reflectivity of Al6061.  
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Figure 2.16: Dimension tolerance of the as-built Al6061 samples vs. a) Laser power (W), b) 

Energy density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 

Figure 2.17: Surface flatness of the as-built Al6061 samples vs. a) Laser power (W), b) Energy 

density (J/mm2), c) Hatch Spacing (mm), and d) Scan speed (mm/s). 
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A combination of the optimized range for each performance characteristic is 

presented in the process parameter map of the scan speed and laser power at a constant 

hatch spacing of 0.19 mm, as illustrated in Figure 2.18 and Figure 2.19. The process map 

for the as-built AlSi10Mg parts is displayed in Figure 2.18. This map presents an optimized 

range for the SLM process parameters to satisfy a surface roughness range from 5.5 to 9 

µm, relative density within 99.3 to 99.8%, and a range of dimensional tolerance of +0.18 

to +0.2 mm.   

Figure 2.19 illustrates the process map for the as-built Al6061 parts that displays 

the optimized range for the scan speed and the laser power. The optimized process window 

shows a surface roughness improvement of 3.2 to 6 µm compared to the values obtained 

from the AlSi10Mg part process map. The dimensional tolerance is also optimized within 

a smaller range of -0.03 to +0.03 mm with minimum reduction of dimensions compared to 

the severe contraction in Figure 2.16 avoided within the optimized process parameter range. 

However, the relative density of the optimized range has lower values that vary between 

98.6 to 98.7%. 
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Figure 2.18: a) The optimal processing window generated for the AlSi10Mg alloy at the 

hatch spacing value of 0.19 mm; and the effect of Laser power (W), and Scan speed (mm/s) 

on b) Distance tolerance (mm), c) Relative Density (%), and d) Surface roughness Ra (μm). 
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Figure 2.19: a) The optimal processing window generated for the Al6061 alloy at the hatch 

spacing value of 0.15 mm; and the effect of Laser power (W), and Scan speed (mm/s) on 

b) Distance tolerance (mm), c) Relative Density (%), and d) Surface roughness Ra (μm). 
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2.1.4 Summary and conclusions 

The current study represents the first part of a comprehensive work that 

investigates the effect of SLM process parameters on the quality of the as-built AlSi10Mg 

and Al6061 parts. A full characterization of both materials’ powder was presented. DOE 

was used to investigate relative density, porosity, surface roughness, surface defects, and 

dimensional accuracy. Regression models and the trends were obtained from to the 

measured data. The results show the following different characteristic behaviours for each 

material: 

1. Powder morphology reveals that AlSi10Mg and Al6061 possess a spherical particle 

shape interspersed with a considerable percentage of elongated particles. PSD shows 

a positively skewed distribution within a range of 12 to 120 µm. EDS analysis and 

XRD phase pattern are used to detect the weight percentage of the chemical elements 

of each material.  

2. The rate of energy density affects the relative density and porosity formation inside 

the as-built parts. The optimum range of energy density is 50-60 J/mm3, which results 

in relative density reaches 99.7%. Relative density of the polished samples reaches 

99.9% with a 0.1% internal porosity. The higher rates of energy densities contribute 

to large hydrogen spherical pores, while the lower rates result in keyhole pores due 

to the lack of powder fusion. 

3. For the Al6061, the maximum relative density measured is 98.72 % using an energy 

density of 102.8 J/mm3 and 800 mm/s scan speed. A relationship between the scan 
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speed and laser power was noted, where the higher relative density was achieved at 

a low scan speed and high laser power. The relative density of the Al6061 parts show 

lower values compared to those detected in AlSi10Mg, due to lower Si content, which 

increases the CTE, and causes the formation of hot cracks inside the as-built Al6061 

parts.  

4. The surface topology is significantly affected by the energy density applied to both 

materials. The surface roughness reduces alongside the increase of energy density. 

For the AlSi10Mg samples, the minimum surface roughness is 4.5 µm at 65 J/mm3. 

For the Al6061 parts, an energy density of 102.8 J/mm3 resulted in the best surface 

roughness of 3 µm. The energy density is limited to a maximum of 65 J/mm3 for the 

AlSi10Mg and 123.3 J/mm3 for Al6061 to avoid delamination and failure of the part 

building.        

5. For AlSi10Mg, the dimensional tolerance varies between an oversize of 0.15 to 0.195 

mm. The best surface flatness could be obtained with higher hatch spacing and scan 

speeds.  

6. For the Al6061 parts, the lowest dimensional tolerance was achieved using an energy 

density of 76.8 J/mm3. Contraction of the part dimension was observed at lower 

energy densities, and the oversized part dimension was detected at higher energy 

densities. The surface flatness of Al6061 is superior to that of AlSi10Mg parts.  

7. Optimal processing window is developed for each material to illustrate the mutual 

connection between relative density, surface topology, and dimensional accuracy 

with the goal of achieving a high-quality end product.  
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2.2 The Effect of Selective Laser Melting Process Parameters 

on the Microstructure and Mechanical Properties of Al6061 

and AlSi10Mg Alloys 

Ahmed H. Maamoun *1), Yi F. Xue1), Mohamed A.  Elbestawi 1), Stephen C. Veldhuis1) 

1)McMaster University, Department of Mechanical Engineering, 

1280 Main Street West Hamilton, ON, Canada, L8S 4L7 

Abstract:  

Additive manufacturing (AM) provides customization of the microstructure and 

mechanical properties of components. Selective laser melting (SLM) is the commonly used 

technique for processing high strength Aluminum alloys. Selection of SLM process 

parameters could control the microstructure of fabricated parts and their mechanical 

properties. However, process parameter limits and defects inside the as-built parts present 

obstacles to customized part production. This study is the second part of a comprehensive 

work that investigates the influence of SLM process parameters on the quality of as-built 

Al6061 and AlSi10Mg parts. The microstructure of both materials was characterized for 

different parts processed over a wide range of SLM process parameters. The optimized 

SLM parameters were investigated to eliminate the internal microstructure defects. 

Mechanical properties of the parts were illustrated by regression models generated with 

design of experiment (DOE) analysis. The results reported in this study were compared to 

previous studies, illustrating how the process parameters and powder characteristics could 

affect the quality of produced parts. 
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2.2.1 Introduction 

Industry 4.0 will open the way for a new age of advanced manufacturing. Additive 

manufacturing (AM) is considered to be one of the leading sectors of the upcoming 

industrial revolution [1]. AM of metals using selective laser melting (SLM), promises 

significant development of a variety of critical applications in various industrial fields [2]. 

AM of Al alloys may produce high-performance lightweight components with relatively 

high material quality, mechanical properties and design flexibility. Selection of SLM 

process parameters plays an essential role in controlling the material and mechanical 

properties of products customized according to their function and design requirements. The 

effect of SLM process parameters on the quality of Al alloys was previously presented in 

some studies [3–9]. However, the laser power of SLM was limited to 200 W due to its 

limitations, a relatively low figure compared to the latest laser power which can reach 400 

W. Fulcher et al. [10] reported that the SLM process map should be regularly updated for 

each material as technical capabilities develop. This could help to optimize the SLM 

process parameters and customize the characteristics of the as-built parts. Consequently, 

the microstructure and mechanical properties of the additively manufactured parts can be 

tailored according to their design requirements. Akram et al. simulated a model of grain 

mailto:maamouna@mcmaster.ca
mailto:elbestaw@mcmaster.ca
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structure evolution in the multi-layer deposition during the AM laser melting process [11]. 

Their results illustrated the change in grain size and orientation according to select process 

parameters.  

In SLM of Al alloys, the chemical composition of the Al alloys could cause 

variation between their microstructure and mechanical properties, due to the difference in 

some elements such as Si and Mg. However, SLM of some Al alloys, such as Al6061, 

results in solidification and liquation cracking due to the material’s relatively higher 

coefficient of thermal expansion (CTE) [3]. This is why AlSi10Mg is the most commonly 

used Al alloy for the SLM process due to its lower CTE compared to the Al6061 alloy [10]. 

The Si content may also play a significant role in microstructure evolution and elimination 

of hot cracks. Therefore, due to the widespread use of Al6061 in aerospace and automotive 

fields, a study is recommended of the influence of SLM process parameters on this material.     

The current study focuses on the effect of SLM process parameters on 

microstructure and mechanical properties of both AlSi10Mg and Al6061 as-built parts. 

This work completes the comprehensive study presented in Part I to develop a full process 

map of different Al alloys fabricated with SLM. The methodology of the design of 

experiment (DOE) is the same as in part I. A regression model is created for each 

mechanical property according to the applied range of SLM process parameters. The 

technique of one factor at a time (OFAT) is applied for AlSi10Mg parts, and the response 

surface method is used for Al6061 parts. The regression model trend for each property of 
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the as-built parts is validated according to experimental results and additionally verified 

with microstructure analysis. 

2.2.2 Experimental procedure 

In the current study, the samples were fabricated using SLM process parameters 

listed in Table 2.5, and Table 2.6, the same as used in part I. Similar experimental 

conditions were  also applied as the build plate was preheated to 200 ˚C, before building 

started under an argon medium. So, AlSi10Mg_200C and Al6061_200C also referred to 

the as-built AlSi10Mg and Al6061samples respectively. Microstructure analysis and the 

measurement of mechanical properties were performed with the following methods.  

Table 2.5 : The SLM process parameters used for building the AlSi10Mg samples. 

Sample# P 

(W) 

Vs 

(mm/s) 

Dh 

(mm) 

Ed 

(J/mm3) 

AS1 370 1000 0.19 65 

AS2 370 1300 0.15 63.2 

AS3 370 1300 0.19 50 

AS4 350 1300 0.19 47.2 

AS5 370 1500 0.19 43.3 

AS6 300 1300 0.19 40.5 

AS7 370 1300 0.25 38 

AS8 200 1300 0.19 27 

Table 2.6 : The SLM process parameters applied for fabricating the Al6061 samples. 

Sample# P 

(W) 

Vs 

(mm/s) 

Dh 

(mm) 

Ed 

(J/mm3) 

Sample# P 

(W) 

Vs 

(mm/s) 

Dh 

(mm) 

Ed 

(J/mm3) 

1A 370 1000 0.1 123.3 11A 370 800 0.15 102.8 

2A 300 1000 0.1 100 12A 350 800 0.15 97.2 

3A 370 1300 0.1 95 13A 370 800 0.19 81.1 

4A 300 1300 0.1 76.9 14A 350 800 0.19 76.8 

5A 370 1000 0.19 65 15A 370 1300 0.15 63.2 

6A 300 1000 0.19 52.6 16A 350 1300 0.15 59.8 

7A 370 1300 0.19 50 17A 370 1300 0.19 50 

8A 300 1300 0.19 40.5 18A 350 1300 0.19 47.2 
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2.2.2.1 Microstructure characterization 

The microstructure of both AlSi10Mg and Al6061 as-built samples were 

characterized with optical microscopy (OM), scanning electron microscope (SEM), and X-

ray diffraction (XRD) measurements. A Nikon optical microscope LV100 was used to 

evaluate the microstructure of the etched parts. The polishing and etching procedures were 

performed according to the recommendations of Maamoun et al. [12]. A TESCAN VP SEM, 

equipped with an energy dispersive X-ray spectroscopy (EDS) detector, was used to 

investigate the grain size and structure observations. A Bruker D8 DISCOVER XRD 

instrument provided with a cobalt sealed tube source was used for the samples’ phase 

analysis. The XRD phase pattern was obtained for each sample along different orientations 

of the AlSi10Mg and Al6061 samples.     

2.2.2.2 Mechanical properties measurements 

The microhardness measurement was performed according to ASTM E384-17 

using an automatic Clemex CMT tester. The average values of the samples’ microhardness 

were obtained along the building direction (Z-direction), and along the plane parallel to the 

deposited layers (XY-plane). Each recorded value was an average of 5-10 indentations 

along the tested area of a 200 gf load applied over a 10 s dwell time. The residual stress 

was measured by an XRD instrument using a Vantec500 area detector, and the results were 

analyzed using LEPTOS software. The tensile rod samples were designed and fabricated 

according to the geometry and dimension included in ASTM E8/E8M – 16a. The tensile 
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test was performed according to ASTM E8 standard procedures using an MTS Criterion 43 

universal test system which applies a load capacity up to 50 kN. 

2.2.3 Results and Discussion 

2.2.3.1 Microstructure 

The optical microscope analysis was performed using the as-built etched samples 

of AlSi10Mg and Al6061. Figure 2.20 shows the microstructure defects and observations 

along the building direction (Z-direction) of AlSi10Mg samples fabricated at different SLM 

process parameters. Figure 2.20(a) illustrates that process-induced porosity or keyhole 

pores of 100-250 µm size and irregular shapes are formed inside the AS8 sample fabricated 

at a low energy density of 27 J/mm3. This results from a lack of fusion due to insufficient 

powder delivery to the melted layer. Unmelted powder may be visible around these keyhole 

pores [13]. Figure 2.20 (a) also shows that the melt pool solidified with an elliptically 

shaped profile and these melt pool shapes overlap in a specific arrangement according to 

the value of hatch spacing used. This shape is related to the Gaussian distribution of laser 

beam power [12]. Figure 2.20(b) shows a magnified view of the melt pool shape; a fine 

grain structure is observed inside, while a coarse grain is formed along its borders due to 

the gradient change of the solidification rate. Figure 2.20(c) shows the microstructure of 

the AS7 sample fabricated at an energy density of 38 J/mm3. The keyhole pore density and 

size are decreased due to a higher energy density. The melt pool shape geometry of the AS7 

sample is enlarged compared to the AS8 sample due to a diminishing solidification rate 

together with an energy density increase. In the AS3 sample produced at a 50 J/mm3 energy 
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density, the keyhole pores almost disappeared as shown in Figure 2.20(d). A coarser grain 

structure is also present inside and along the borders of the melt pool shape as illustrated in 

Figure 2.20(f). At a higher rate of energy density of 65 J/mm3 applied to the AS1 sample, 

melt pool borders disappear along some layers and spherical hydrogen pores can be seen 

in Figure 2.20(e). The areas where the melt pool borders disappear show a more 

homogeneous structure with elongated columnar grains oriented along the building 

direction, Figure 2.20(g). While the areas displaying melt pool borders show the same 

inhomogeneity of microstructure as in the other samples, they have a larger grain structure 

as illustrated in Figure 2.20(h). It is worthwhile to note that the energy density level 

significantly affects the solidification rate, and thus creates specific microstructure 

characteristics corresponding to the applied values [14]. Also, according to the SLM 

process parameters listed in Table 2.5 for each sample, the low laser power of 200 W 

applied to the AS8 sample results in low energy density, and thus a lack of fusion according 

to the definition of the energy density in the following equation: 

𝐸𝑑 =
P

V𝑠 ∗ 𝐷ℎ ∗ T𝑙
 

Where Ed represents energy density in J/mm3, P is the laser beam power (W), Vs is 

the laser scan speed (mm/s), Dh is the hatch spacing between scan passes, Tl is the deposited 

layer thickness, which remains a constant value in this study with a 30 µm height. The 

disappearance of the melt pool profile borders observed inside the AS1 sample might be 

related to the reduction of the scan speed and hatch spacing parameters.    
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Figure 2.20 : Microstructure of the as-built AlSi10Mg_200C samples processed under 

different SLM process parameters; a, c) AS8, b) AS7, d, f) AS3, e, g, h) AS1. 
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SEM observations in Figure 2.21 and Figure 2.22 show the change in the developed 

microstructure and the evolution of the Al matrix grain size of the as-built AlSi10Mg 

samples produced at different energy densities and SLM process parameters. Figure 2.21 

displays the microstructure along the Z-direction of the AlSi10Mg samples. In general, the 

development mechanism of the as-built AlSi10Mg microstructure depends on the 

mechanism of particle accumulated structure (PAS) formation [15]. The PAS mechanism 

shows that during the high cooling rate of 106-108 ˚C/s, Si is ejected out of the solidifying 

Al matrix to form a fibrous Si network around the Al matrix grain borders. At a lower 

energy density of 27 J/mm3, the microstructure shows an ultra-fine elongated grain 

structure with an inhomogeneous size distribution of Al matrix grains surrounded by a 

fibrous Si network. The Al matrix grain size ranges from 0.2 to 2 µm as displayed in Figure 

2.21(a). The increase of energy density to 50 J/mm3 results in the same microstructure 

formation with a coarser inhomogeneous microstructure and grain size ranging from 500 

nm to 3 µm as illustrated in Figure 2.21(b). Figure 2.21 (c, d) shows that when the AS1 

sample is produced at a higher energy density of 65 J/mm3, an equiaxed larger grain 

structure is present with Al matrix grain size varying between 3-4 µm. A more 

homogeneous microstructure is also obtained compared to the samples produced at a lower 

energy density. The final top layers in Figure 2.21 (c) have a finer microstructure compared 

to the vicinity of the middle of the part in Figure 2.21(d). This is attributed to the thermal 

gradient difference between these areas during the building of the layers, which affects the 

solidification rate.   
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Figure 2.21 : The SEM observations of the as-built AlSi10Mg microstructure along 

Z- direction; a) AS8, b) AS3, c) AS1 near top surface, d) AS1 near the center. 

The as-built AlSi10Mg samples along the XY plane had an equiaxed grain 

microstructure as can be seen in Figure 2.22. The microstructure is inhomogeneous due to 

the existence of coarser grains along the border of the melt pool profile compared to the 

microstructure inside. This confirms the PAS formation mechanism of the microstructure 

development along the XY plane as well as the Z-direction. Figure 2.22(a) shows the 

microstructure of the AS8 sample, where an inhomogeneous grain distribution of 0.15-1 

µm size can be seen within the fine and coarser Al matrix grain zone. The grain size slightly 

increased along with energy density. Figure 2.22(b) presents the microstructure of the AS3 
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sample with a grain size ranging from 0.3 to 2 µm. The microstructure evolution of the 

higher energy density of 65 J/mm3 applied to the AS1 samples has almost the same Al 

matrix grain structure value as illustrated in Figure 2.22(c). Application of energy densities 

higher than 50J/mm3 caused no significant difference in the microstructure. However, the 

XRD measurements were performed for a more accurate analysis of crystal size change 

and solubility percentage of the Si inside the Al matrix [16,17].         

 

Figure 2.22 : The SEM observations of the as-built AlSi10Mg microstructure along the 

XY plane; a) AS8, b) AS3, c) AS1. 
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The XRD phase pattern presented in Figure 2.23 and Figure 2.24 shows a 

comparison of the Al and Si peak characteristics of different AlSi10Mg samples. The Al 

and Si peak is identified using the Joint Committee on Powder Diffraction Standards 

(JCPDS) patterns of 01-089-2837, 01-089-5012, respectively. A small peak of Mg2Si is 

detected according to the JCPDS pattern of 00-001-1192, and the low intensity of this peak 

is related to the existence of nano-size Mg2Si precipitates of 20-40 nm that are hardly 

detectable with XRD [12,17]. The difference in Al and Si peak width between the samples 

indicates crystal size change under different SLM process parameters. This can be inferred 

from Scherrer’s equation, where peak broadening varies inversely with crystallite size [18]. 

According to the phase pattern obtained in Figure 2.23, the grain size significantly 

increased along the Z-direction as energy density increase to 50 J/mm3 before becoming 

stable at a specific value, which agrees with microstructure observations in Figure 2.21.  

 

Figure 2.23 : XRD phase pattern measured on the side surface (along the Z-direction) of 

different as-built AlSi10Mg samples. 

https://www.sciencedirect.com/topics/materials-science/crystallite-size
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The XRD phase pattern in Figure 2.24 illustrates the peak broadening comparison 

along the XY plane, where a slight difference of the crystal size is observed between the 

samples fabricated at different SLM parameters. This corresponds to the SEM observations 

in Figure 2.22. By comparing the peak broadening of the same sample along the Z-direction 

and the XY plane, a significant difference can be seen in peak broadening and intensity. 

The microstructure is inhomogeneous along different orientations. For more accurate 

values, an FWHM analysis was performed according to the phase pattern in Table 2.7. The 

results showed a broadened peak of Al and Si in the AS8 sample at the lower energy density, 

with FWHM values of 0.2111 and 0.5935 degrees respectively. This confirms the finer 

microstructure observed at the lower rates of energy densities in Figure 2.21. The 

significant difference of Al and Si peak broadening in the AS8 sample along the XY plane 

and Z-direction also confirms the microstructure inhomogeneity at the low energy of 27 

J/mm3. There is no significant difference between the FWHM values detected along the top 

and side orientations of the AS1 sample produced at a higher energy density of 65J/mm3.  

A homogeneous equiaxed grain structure is present along the XY plane and Z-direction of 

the AS1 sample which indicates an improvement of the microstructure homogeneity at the 

higher energy densities. A Rietveld analysis was performed to detect the relative weight 

percentage of Al and Si according to the XRD phase pattern measured along the top and 

side surfaces of the AlSi10Mg samples. The results listed in Table 2.8 indicate that Si 

becomes more soluble inside the Al matrix along the XY plane as energy density gets 

higher. The percentage of Si solubility inside the Al matrix is higher along the Z-direction 

compared to that in the XY plane for AS1 and AS3 samples after an energy density of 27 
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and 50 J/mm3 is respectively applied. In addition, the highest percentage of Si precipitates 

is obtained at the AS8 sample produced at the higher energy density of 65 J/mm3. These 

results validate the thickness increase of the Si network at higher energy densities in Figure 

2.21 and Figure 2.22. 

 

Figure 2.24 : XRD phase pattern measured on the top surface (along the XY plane) of 

different as-built AlSi10Mg samples. 

Table 2.7: The average FWHM of Al and Si peaks according to the XRD phase pattern of 

the as-built AlSi10Mg samples. 

Material Peak Position AS1 AS3 AS8 

 

 

AlSi10Mg 

Al (200) FWHM (deg.) Top (XY) 0.2111 0.2332 0.2294 

 Side (Z) 0.2105 0.2304 0.2269 

Si (220) FWHM (deg.) Top (XY) 0.5935 0.7281 0.7137 

 Side (Z) 0.5217 0.5531 0.5420 

Table 2.8: Rietveld analysis throughout the top and side surfaces of the as-built 

AlSi10Mg samples. 

Material Element  Top Surface (XY plane) Side Surface (Z-direction) 

AS1 AS3 AS8 AS1 AS3 AS8 

AlSi10Mg 

 

Al    Wt% 91.11 91.98 90.81 93.49 93.57 90.75 

Si    Wt% 8.89 8.02 9.19 6.51 6.43 9.25 
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The microstructure of Al6061 samples shows hot crack formation in both the XY 

plane and Z-direction as displayed in Figure 2.25. These cracks form as a result of 

solidification shrinkage and thermal contraction, or liquation cracking inside the partially 

melted zone [3,19]. For the 6A sample, hot cracks are observed along the XY plane within 

a size of 200-300 µm, and these cracks are connected in a closed loop as illustrated in 

Figure 2.25(a, c). The micro-cracks form into an elongated shape within an average size of 

200 µm along the Z-direction and propagate through the middle zone of some solidified 

melt pool shape as shown in Figure 2.25(b, d). A pore of 10-20 µm is also noticed amongst 

these cracks. The micro-crack formation is caused by high CTE of the Al6061, which in 

turn, resulted in significant shrinkage due to the rapid melting and solidification rates of 

the SLM process [10]. A fine grain structure persists along both XY-plane and Z-direction 

as shown in Figure 2.25(e, f). Coarse grains are present around the melt pool profile, which 

substantiates the thermal gradient inside each melt pool during the solidification process. It 

is worthwhile to note that no large keyhole pores are observed inside the 6A sample 

microstructure fabricated with an energy density of 52.6 J/mm3. The evolution of crack 

formation behaves differently along the Z-direction, corresponding to the applied energy 

density and SLM process parameters as shown in Figure 2.25(b, g, h). Observations 

indicate an increase of the crack size and distribution density under higher levels of energy 

densities as illustrated in Figure 2.25(g). Large hydrogen spherical pores were seen forming 

along the longitudinal micro-cracks as energy density increased. By comparing the 

microstructure in Figure 2.25(b, h), it can be concluded that a higher laser power and lower 
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scan speed significantly increases the length of the cracks and their distribution density due 

to the imbalance between the higher melting and lower solidification rates.    

The as-built Al6061 microstructure in Figure 2.26 shows the precipitation of nano-

size Si particles around the Al matrix grains, which confirms the PAS formation mechanism 

where the Si particles solidified around the Al matrix. However, the same fibrous Si 

network is not present in the AlSi10Mg, due to Si content in the Al6061 alloy being 

insufficient to develop this fibrous network. A fine microstructure with an elongated grain 

form is observed along the Z-direction with a size of 3-5 µm as shown in Figure 2.26 (a). 

Along the XY plane, an equiaxed grain structure is present, with an average grain size of 

(2-4 µm), Figure 2.26 (b). The difference in the grain structure between these orientations 

reveals a microstructure inhomogeneity which could result in anisotropic structure 

properties. 
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Figure 2.25 : Microstructure of the as-built Al6061 samples processed under different 

SLM process parameters; a,c,e) 6A along the Z-direction , b,d,f) 6A along the XY plane, 

g) 14A, h) 15A. 
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Figure 2.26 : Microstructure grains of the as-built Al6061 sample at a higher magnification. 

The XRD phase pattern in Figure 2.27 shows Al and Si peak up on the top surface 

of the as-built Al6061 samples in the XY plane. Figure 2.28 illustrates the phase pattern up 

on the side surface along the Z-direction. The Al peak is identified according to the JCPDS 

pattern of 01-089-2837. According to the JCPDS patterns of 01-089-5012, a Si peak was 

hardly distinguishable due to the precipitation of the nano-size Si particles inside the as-

built microstructure as displayed in Figure 2.26. A low-intensity peak of Mg2Si is also 

detected according to the JCPDS pattern of 00-001-1192 as indicated in Figure 2.27 and 

Figure 2.28. The change of Al peak broadening along the XY plane and Z-direction 

indicates Al crystal size change according to the specified SLM process parameters. This 

change is closely investigated using FWHM analysis listed in Table 2.9. A wider Al peak 

is obtained at a low energy density of 50 J/mm3, which confirms the growth of the grain 

size as energy density increases. According to Scherrer’s equation, the sharper peak in the 

XRD phase pattern indicates a larger crystal size [18]. The FWHM shows a lower value of 

0.1874 degrees in the 1A sample produced at an energy density of 123.3 J/mm3, revealing 

a coarser grain structure at higher energy densities. There was no significant difference 
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between the FWHM values of the top and side surfaces. Al6061 microstructure is more 

homogeneous along the applied range of the selected parameters as compared to the 

considerable microstructure inhomogeneity inside AlSi10Mg samples. It is worthwhile to 

note that the Al6061 alloy could be processed at higher energy density values than the 

AlSi10Mg alloy due to the higher reflectivity of Al6061 which decreases the percentage of 

absorbed energy. However, SLM process parameters need to be optimized to reduce the 

formation of micro-cracks and the spherical hydrogen pores. 

Table 2.9: The average FWHM of Al (200) peak of the as-built Al6061 samples. 

 

Figure 2.27: XRD phase pattern measured on the side surface (along the Z-direction) of 

different as-built Al6061 samples. 

Material Peak Position 1A 4A 7A 

 

Al6061 

 

Al (200) FWHM (deg.) 

Top (XY) 0.1874 0.2086 0.2045 

 Side (Z) 0.1838 0.2042 0.2029 
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Figure 2.28: XRD phase pattern measured on the top surface (along the XY plane) of 

different as-built AlSi10Mg samples. 

2.2.3.2 Mechanical properties 

The effect of SLM process parameters on the mechanical properties of the as-built 

AlSi10Mg and Al6061 parts is investigated according to the regression models developed 

from experimental results. In the following section, DOE analysis will illustrate 

microhardness and tensile behaviour according to the selected SLM process parameters. 

2.2.3.2.1 Microhardness 

Figure 2.29 displays the microhardness of the as-built AlSi10Mg parts along the Z-

direction within the range of SLM process parameters. The microhardness ranges between 

86 and 103 HV, and the maximum value is obtained at 27 J/mm3 due to smaller grain size. 

However, a significant amount of keyhole pores are observed at this energy density of the 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

109 

 

AS8 sample, which underscores the need for SLM process optimization. The results show 

that microhardness values linearly decrease as laser power and energy density grow. A 

higher hatch spacing and scan speed improve sample microhardness in Figure 2.29. Low 

values of sample microhardness at low scan speeds result from high solidification rates and 

low hatch spacing due to decreasing overlap between the scanned passes. The 

microhardness profile of AlSi10Mg samples shows a good agreement with microstructure 

observations and the crystal size change of SLM process parameters.  

 

Figure 2.29: Effect of the SLM process parameters on microhardness of the as-built 

AlSi10Mg samples along the Z-direction. 

As illustrated in Figure 2.30, microhardness along the XY plane is relatively higher 

than in the Z-direction, demonstrating the inhomogeneity of the as-built microstructure. 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

110 

 

The microhardness is 115 to 118 HV along the range of the SLM parameters, which 

confirms better homogeneity along the XY direction, Figure 2.22. This trend agrees with 

literature studies [12,14,16]. The reduction in laser power and greater hatch spacing 

improves microhardness along the XY plane. Although the low laser power rates show 

higher microhardness values, control of SLM process parameters should aim to produce 

denser parts by reducing porosity. According to Figure 2.29 and Figure 2.30, microhardness 

values correspond to the DOE analysis regression model along both the XY plane and Z-

direction.  

 

Figure 2.30: Effect of the SLM process parameters on microhardness of the as-built 

AlSi10Mg samples along the XY plane.  
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Figure 2.31 and Figure 2.32 display the microhardness profile of selected SLM 

process parameters of the Al6061 parts along the XY plane and Z-direction. The map in 

Figure 2.31 shows a gradual decrease of microhardness values along the Z-direction from 

85 to 72 HV at an energy density range of 40.5 to 97.2 J/mm3. A slight increase was 

observed at higher energy densities up to 123 J/mm3 as illustrated in Figure 2.31. At a 

microhardness of 78 HV, a relation is observed between the low laser power of 300 W and 

scan speeds of 1050 and 1300 mm/s. Scan speeds higher than 800 mm/s show a significant 

increase in microhardness due to the associated higher rate of solidification. Results 

indicate that a finer microstructure can be obtained at these higher scan speeds. Another 

interaction between scan speed and hatch spacing occurs at a scan speed of 1050 mm/s and 

hatch spacing values of 0.145 and 0.19 mm at a microhardness value of 77 HV as shown 

in Figure 2.31. The average microhardness measure has a high scattering pattern around 

the regression model due to the effect of the micro-cracks formed inside the parts.   

Figure 2.32 shows microhardness of the Al6061 samples along the XY plane that 

varies significantly between 62 to 77 HV according to the SLM process parameters. This 

could be related to the change in micro-crack size as illustrated in Figure 2.25. In contrast 

with AlSi10Mg samples, hatch spacing significantly affects the microhardness of Al6061.  

Microhardness gradually drops with the increase of energy density.  

 

 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

112 

 

 

Figure 2.31: Effect of the SLM process parameters on microhardness of the as-built 

Al6061 samples along the building direction. 

Due to greater Si content, microhardness of AlSi10Mg samples was significantly 

higher than that of Al6061 samples. The as-built AlSi10Mg samples have a higher 

microhardness than the same alloy cast material, which is limited to 75 HV [20]. The 

particle size distribution of the powder and its shape also might affect the microhardness of 

the as-built parts. This was demonstrated by comparing the microhardness values in this 

study with those reported by Maamoun et al. at different powder characteristics [12]. 
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Figure 2.32: Effect of the SLM process parameters on microhardness of the as-built 

Al6061 samples along the XY plane. 

2.2.3.2.2 Tensile properties 

The ultimate tensile strength (UTS) of the AlSi10Mg was measured to generate the 

regression model plots for both as-built and machined tensile samples as presented in 

Figure 2.33. The as-built and machined samples possessed the same tensile profile as the 

samples produced under SLM process parameters. However, the machined samples had 

higher UTS values of up to 450 MPa compared to those of the as-built samples (400 MPa). 

This 20 to 50 MPa difference in UTS values indicates the effect of surface roughness on 

mechanical properties. However, UTS values of the as-built parts could demonstrate the 
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impact of SLM parameters on tensile properties, taking into consideration the surface 

roughness of each sample. Figure 2.33 also shows a good agreement between the 

experimental measurements and the regression model generated from the DOE analysis. 

Also, laser power has a more significant effect on UTS sample properties than changes in 

hatch spacing and scan speed. The optimum UTS value is obtained in the AS3 sample at 

an energy density of 50 J/mm3. This agrees with the microstructure observation, which 

showed minimum defects of the as-built AlSi10Mg sample at these parameters.  

 

Figure 2.33: Effect of the SLM process parameters on ultimate tensile strength of the as-

built AlSi10Mg samples along the building direction. 
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Figure 2.34 illustrates yield strength versus the scan speed, laser power, hatch 

spacing, and the energy density. Results indicate a decrease of yield strength within a range 

of 240 to190 MPa at increasing energy densities. A slight difference of 30-50 MPa in yield 

strength was observed at the range of SLM process parameters. This indicates that a change 

in SLM process parameters has a greater impact on UTS values than the yield strength. 

UTS and yield strength trends significantly reflect the microstructure observations in 

section 2.2.3.1. An increase of energy density creates a coarser microstructure with lower 

hardness and tensile values.   

 

Figure 2.34: Effect of the SLM process parameters on yield strength of the as-built 

AlSi10Mg samples. 
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As illustrated in Figure 2.35, the UTS values of the as-built Al6061 samples were 

investigated at a range of 150 to 184 MPa. The results indicate a significant reduction in 

UTS of the Al6061 samples compared to that of AlSi10Mg. This could result from the 

lower percentage of Si content inside the Al6061 alloy and micro-cracks inside its as-built 

samples. As energy density increases, UTS values gradually decrease. A maximum UTS 

of 184 MPa was obtained in the 18A sample using the higher scan speed (1300 mm/s), 

hatch spacing (0.19 mm), and energy density of 47.2 J/mm3. A significant decrease in the 

UTS values was observed at the lower scan speed of 800 mm/s and smaller hatch spacing 

of 0.1 mm. This decrease in the UTS values might result from the microstructure defects at 

low rates of scan speed and hatch spacing, such as keyhole pores or areas of unmelted 

powder. Yield strength of the Al6061 samples is presented in Figure 2.36, where a similar 

trend as in UTS is present. The yield strength values along the SLM parameters vary from 

125 to 172 MPa. The maximum yield strength of 172 MPa was detected in the 8A and 18A 

samples also produced at the higher scan speeds, hatch spacing and energy density range 

of  40.5 - 47.2 J/mm3. It is worthwhile to note that the UTS and yield strength values of the 

as-built Al6061 samples hardly differ, which indicates the lower ductility of these parts 

compared to the as-built AlSi10Mg samples.   
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Figure 2.35: Effect of the SLM process parameters on ultimate tensile strength of the as-built 

Al6061 samples along the building direction. 

Figure 2.37 shows the stress-strain curve of the as-built samples for both AlSi10Mg 

and Al6061 alloys. Figure 2.37(a) illustrates the stress-strain behaviour of the AS1, AS3, 

and AS8 AlSi10Mg samples. The maximum UTS and highest ductility was observed in the 

AS3 sample produced at an energy density of 50 J/mm3. Microstructure observations 

confirm that the optimum SLM process parameters of the AlSi10Mg alloy are present in 

the AS3 sample. The AS1 sample was affected by hydrogen pores and a coarse 

microstructure that forms at a higher 65 J/mm3 energy density, resulting in lower stress 

value. Keyhole pores and lack of fusion negatively affected the quality of the AS8 sample 

produced at a low energy density of 27 J/mm3, which resulted in the lowest material 
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strength along with higher brittleness. The strain curve of the 1A, 4A, and 7A Al6061 

samples is presented in Figure 2.37(b). Energy density change had no significant effect on 

the UTS value, whereas laser power proved to be the most influential. The  4A sample 

produced at a low laser power level of 300 W, exhibited minimum UTS values. 

 

Figure 2.36: Effect of the SLM process parameters on yield strength of the as-built Al6061 

samples. 
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Figure 2.37: The stress strain diagram for the as-built samples: a) AlSi10Mg; and b) 

Al6061 samples. 
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Table 2.10 summarizes the mechanical property values of the AlSi10Mg and Al6061 

samples in the current study, compared to literature. According to values listed in Table 

2.10, the following insights can be drawn: 

1. Mechanical properties and Al matrix grain size are illustrated for the as-built 

AlSi10Mg_200C samples in the current study. Although the lower rate of energy density 

created a fine microstructure, mechanical properties were inferior due to the internal 

defects inside the areas caused by lack of fusion.  

2. The microhardness reported in a previous study by the authors [12], using the same 

preheating technique, shows higher values than those reported in this study. This 

indicates the effect of powder morphology and its particle size distribution. It can be 

concluded that a wide range of particle size distribution with a spherical shape resulted 

in high microhardness values. 

3.  The mechanical properties of the AlSi10Mg_200C samples have relatively lower values 

than those of samples produced by build plate preheating [21–25]. However, residual 

stresses are significantly lower due to the preheating technique [4,12].  

4.  Superior mechanical properties of the AlSi10Mg_200C samples are detected compared 

to parts produced with a conventional or the high-pressure die cast (HPDC) material of 

the same alloy [20,26].  

5. As-built Al6061_200C parts had better mechanical properties than Al6061_500C. 

However, no cracks were observed inside the Al6061_500C as reported by Uddin et al. 

[27], but the mechanical properties of the part were significantly decreased.   
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6. The mechanical properties of the Al6061_200C samples show comparable values to the 

T6, and T4 treated Al6061 wrought material [28]. 

Table 2.10: A summary of mechanical properties microstructure grain size of 

the AlSi10Mg and Al6061 parts processed though SLM and the conventional techniques 

under different conditions. 
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2.2.4 Summary and conclusions 

The current study focused on the influence of SLM process parameters on the 

microstructure and mechanical properties of the as-built AlSi10Mg and Al6061 parts. The 

mechanical behaviour of these parts along the range of selected SLM parameters was 

investigated using  DOE  regression models. The main results are summarized as follows: 

1. The microstructure of the AlSi10Mg parts changes significantly according to 

the applied energy density. After solidification, the size of the melt pool 

profile increases together with energy density. An energy density range of 50-

60 J/mm3 was found to be the optimal range of the energy density due to it 

minimizing keyholes and larger hydrogen spherical pores.  

2. The grain size of the Al matrix inside the as-built AlSi10Mg samples grows 

along with energy density. The microstructure homogeneity is also improved 

by the development of an equiaxed grain structure at 65 J/mm3 along the Z-

direction and XY plane. However, this can adversely affect the relative 

density due to the formation of large hydrogen pores.   

3. Micro-cracks form inside the microstructure of the as-built Al6061 samples. 

Size and distribution of these cracks vary according to SLM process 

parameters. The smallest micro-cracks are obtained at an energy density of 

52.6 J/mm3 and a scan speed of 1000 mm/s. 
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4. The microstructure of Al6061 parts did not show the same fibrous Si network 

that formed inside the AlSi10Mg microstructure due to lower Si content in 

the Al6061 alloy. The microstructure of Al6061 parts followed the PAS 

mechanism, and nano-size Si particles precipitated along the grain boundary 

of the AL matrix.  

5. Microhardness of AlSi10Mg and Al6061 parts corresponds with 

microstructure observations along the Z-direction and in the  XY plane. 

However, Al6061 microhardness is affected by already present micro-cracks.      

6. UTS and yield strength of the as-built AlSi10Mg and the Al6061 samples are 

investigated through regression models.  

7. The effect of surface texture on UTS of the AlSi10Mg parts was investigated 

by comparing the results from the as-built and machined tensile samples.  

8. The mechanical properties of the studied Al alloys showed different values 

according to the SLM process parameters, build plate temperature, powder 

characteristics, and the technique used in Table 2.10. 

The current work, together with part I, forms a comprehensive study of the SLM 

process parameters effect on the quality of Al alloy parts. The results of this study could 

help customize the properties of the parts according to design and function requirements. 

This work may also offer a means to reduce post-processing treatment required for part 

characteristics in some applications.     
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Clarification points: 

This chapter presented a comprehensive study of AlSi10Mg powder 

characterization for both fresh and recycled powder, and the effect of thermal post-

processing on the microstructure and hardness of the as-built parts fabricated using recycled 

powder.  

Powder characterization tests were performed according to the ASTM F3049-14 

using particle size distribution tests, powder morphology, chemical and phase analysis, and 

surface elemental analysis. The results of the fresh and recycled powder were comparable, 

indicating that the recycled powder can be used as part of a cost-effective Additive 

Manufacturing process after applying proper sieving procedures. 

Thermal post-processing was studied over a wide range of heat treatment 

conditions for annealing, solution heat treatment and precipitation hardening (T6 treatment). 

This is considered to be the first unique study covering all of these treatment conditions on 

the as-built AlSi10Mg parts produced under the same SLM process parameters.  

A microhardness map was developed over the applied heat treatment range. This 

map can be used to satisfy the design requirements of most critical industrial applications, 

such as machining of parts, where surface integrity and hardness are essential.  
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Abstract 

The performance enhancement of parts produced using Selective Laser Melting 

(SLM) is an important goal for various industrial applications. In order to achieve this goal, 

obtaining a homogeneous microstructure and eliminating material defects within the 

fabricated parts are important research issues. The objective of this experimental study is 

to evaluate the effect of thermal post-processing of AlSi10Mg parts, using recycled powder, 

with the aim of improving the microstructure homogeneity of the as-built parts. This work 

is essential for the cost-effective additive manufacturing (AM) of metal optics and 

optomechanical systems. To achieve this goal, a full characterization of fresh and recycled 

powder was performed, in addition to a microstructure assessment of the as-built fabricated 

samples. Annealing, solution heat treatment (SHT) and T6 heat treatment (T6 HT) were 

applied under different processing conditions. The results demonstrated an improvement in 

microstructure homogeneity after thermal post-processing under specific conditions of 

SHT and T6 HT. A micro-hardness map was developed to assist in the selection of the 

optimized post-processing parameters in order to satisfy the design requirements of the part. 
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3.1 Introduction 

The development of cost-effective manufacturing processes for industrial 

products is a challenge due to the demands placed on product performance, productivity, 

quality, and cost. Additive Manufacturing (AM) enables the production of parts with 

complex internal features and high strength to low weight ratios [1, 2]. Challenges related 

to obtaining consistent material properties remain an active research issue [3]. The 

Selective Laser Melting (SLM) technique is a commonly used technique for the AM of 

metals. SLM involves a complete melting mechanism of the powder bed layers 

corresponding to the slices generated in the 3D CAD model [4, 5]. Aluminum alloys are 

considered one of the important metals for lightweight products, having a wide range of 

potential applications in different fields, such as: aerospace, automotive, biomedical, 

military and beyond [6, 7].  

This research is focused on the production of lightweight optics and optomechanical 

components using Additive Manufacturing (AM). Joni et al. [8] reported that the 

production of reflective metal optics for high energy laser systems is one of the beneficial 

applications of AM due to the potential for weight savings, feature integration, and thermal 
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management. AlSi10Mg is a frequently used Al alloy for AM using the SLM technique 

because of its lower Coefficient of Thermal Expansion (CTE), as compared to Al 6061. 

Consequently, this results in better dimensional accuracy, superior mechanical properties, 

and a reduction in residual stresses [9]. Moreover, it promises a significant enhancement in 

mechanical properties and microstructure for lightweight applications in different fields, 

compared to conventional materials, due to its high Si content [10, 11].  

The resulting eutectic microstructure produced by the AM of AlSi10Mg is 

different than cast and forged materials. A submicron metastable cellular microstructure 

can be obtained by melting followed by rapid solidification and cooling rates during SLM 

[12-14].  Other studies reported that the mechanical properties of AlSi10Mg processed 

through SLM are at least comparable with the cast material of the same alloy, such as: 

ultimate tensile strength, and micro-hardness [15, 16]. However, Tang et al. [17] 

emphasized the anisotropic behavior of AlSi10Mg parts processed through SLM. Their 

results showed differences in the stress-strain response depending on the sample orientation.  

The recycled powder used by the SLM process is a powder that was loaded into 

the machine during a previous build but was not subjected to the laser beam during the 

SLM process. The use of recycled powders mainly depends on the material properties and 

their change during the SLM process. For example, metal powders can be more easily 

recycled than polymers, regardless of the AM technique used, because polymer powders 

are more easily fused [4]. The use of recycled powder promises a significant reduction in 

the production cost [18-20]. Recently, Asgari et al. presented a study related to the 
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microstructure and mechanical properties of AlSi10Mg parts using recycled powder [20]. 

The results demonstrated comparable mechanical properties for the parts produced using 

both fresh and recycled powders. However, this study did not address the potential for oxide 

formation on the powder surface, and the influence of thermal post-processing.  

Thermal post-processing for additively manufactured parts plays a significant role 

in relieving residual stresses, homogenizing the microstructure, and reducing porosity [21, 

22]. Thermal post-processing techniques can be applied to AlSi10Mg such as hot isostatic 

pressing (HIP), annealing, solution heat treatment (SHT), and T6 heat treatment (T6 HT). 

Recently, various studies have focussed on the thermal post-processing of AM parts. These 

studies also included the effect of thermal processing on the mechanical properties and 

microstructure of the parts fabricated by fresh powder [21-32]. HIP is used to close internal 

pores and cracks in AM parts by applying high temperature and pressure. It is also used to 

increase part density and extend fatigue life [23, 24]. However, the grain structure may be 

significantly changed in addition to reducing the part dimensional accuracy. The open pores 

at the surface can lead to the formation of oxides under the high pressure and temperature 

associated with HIP [22]. This, along with the high cost of the process, indicates that HIP 

should be applied judiciously according to need.  Fiocchi et al. [25] used low-temperature 

annealing for AlSi10Mg parts produced by SLM. Their results showed that Si particles 

started to form around the Al matrix at 294˚C, which resulted in a significant reduction in 

material hardness. 
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SHT, for AlSi10Mg parts, offers a significant increase in ductility due to the 

development of a coarser microstructure and the associated increase in temperature as 

compared to the as-built structure. [26, 27]. In contrast, the hardness, yield stress, and 

ultimate tensile strength are decreased [28-30]. For T6 HT, the microstructure is 

significantly changed by developing a coarse structure containing a solid solution of large 

Si particles inside the Al matrix in addition to the formation of Mg2Si precipitates [29, 31]. 

Tradowsky et al. [32] reported that performing the T6 heat treatment of AlSi10Mg resulted 

in higher values of yield strength and ultimate tensile strength with a smaller elongation, as 

compared to T6 casted parts of the same alloy. Recent studies presented different 

explanations for the precipitates formed after the thermal post-processing of additively 

manufactured AlSi10Mg. Takata et al. [27] reported a change in the microstructure of 

AlSi10Mg parts, processed through SLM using fresh powder, after a heat treatment at 

300˚C/2h and 530˚C/6h. Their thermodynamic calculations and results showed a formation 

of AlFeSi precipitates in the region below the solidus temperature at 540˚C, while the 

Mg2Si precipitates appeared below 400˚C within a 0.3% composition of the alloy material 

in addition to the AlFeSi precipitates. Li et al. [26] studied the effect of SHT on the 

microstructure of AlSi10Mg additively manufactured parts. They reported that Mg2Si 

precipitates formed within as-built parts. Also, the formation of Si particles and Mg during 

SHT resulted in the creation of Mg2Si.  

In summary, various studies have presented the effect of thermal post-processing 

(under different conditions) on the microstructure and mechanical properties of AlSi10Mg 
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fabricated using fresh powder. However, the AM process parameters used were often 

different for each study, possibly giving rise to differences in the results of these studies. 

In general, previous work has not included analysis of the effect of thermal post-processing 

with AlSi10Mg recycled powder, or the microstructure homogeneity under different 

treatment conditions.  

Consequently, a comprehensive study of the effect of thermal post-processing on 

AlSi10Mg parts, fabricated under defined AM process parameters, is required to develop 

an accurate map for the microstructure development and mechanical properties within a 

wide range of heat treatment conditions.  

The current study deals with using recycled powder to fabricate high-quality, 

lightweight parts through SLM. This experimental study presents a microstructure 

evaluation of as-built parts. The effect of thermal post-processing is also investigated and 

validated by various experimental procedures. Finally, a micro-hardness map is presented 

to guide the selection of post-processing parameters. 

3.2 Experimental procedure 

A recycled AlSi10Mg gas atomized powder (provided by EOS Company) was 

studied after being reused for 18 build cycles to fabricate the samples through SLM. The 

powder was sieved using a 70µm sized mesh to avoid large sintered agglomerate particles, 

which can be formed as part of the process. The fresh powder was also sieved before 

characterization using the same mesh size. ASTM F3049-14 [33] was used for the powder 
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characterization of both fresh and recycled powders. The Particle Size Distribution (PSD) 

was measured using the laser diffraction wet method via the Master Sizer 2000 instrument 

with the powder dispersed in water. Powder morphology was analyzed using a TESCAN 

VP Scanning Electron Microscope (SEM) equipped with Energy Dispersive X-ray 

Spectroscopy (EDS). Powder phase analysis was performed using X-ray Diffraction (XRD) 

on a Bruker D8 DISCOVER with a DAVINCI design diffractometer equipped with a cobalt 

sealed tube source and a VANTEC-500 area detector. The X-ray photoelectron 

spectroscopy (XPS) technique was used for surface elemental analysis to obtain relative 

quantitative information about oxide formation on the surface of the powder particles.  XPS 

measurements were performed using a Physical Electronics (PHI) Quantera II spectrometer 

equipped with a monochromatic Al K-α X-ray (1486.7 eV) source. Pass energy of 55 eV 

was used for the high-resolution oxygen test. 

AlSi10Mg samples were fabricated using the SLM technique on an EOS M290 

machine with a fiber laser system at power levels of up to 400W. A vacuum medium of 

argon was applied to reduce the oxygen content to less than 0.1%, which in turn reduces 

oxidation during the melting process. The processing parameters were selected as listed in 

Table 3.1. In order to reduce the thermal gradient in the part during the build process, the 

build platform was preheated to 200˚C before starting the build process to reduce residual 

stress formation along the building height. Residual stresses were measured using XRD 

and were analyzed with the LEPTOS software. 
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Table 3.1  Processing parameters for SLM of AlSi10Mg samples using recycled powder. 

Laser 

power (W) 

Scan speed 

(mm/s) 

Hatch Spacing 

(mm) 

Layer orientation 

angle (˚) 

Layer 

thickness (µm) 

Scan 

Strategy 

370 1300 0.19 67 30 Stripes  

The relative density of the as-built samples was measured according to the 

Archimedes method using an Electronic Densimeter MD-200S with a 0.001 g/cm3 

accuracy. The measurements were performed for each sample, both in water and air. XRD 

was used for phase analysis of four different spots on the top and bottom surfaces of the 

AlSi10Mg sample to check the phase homogeneity within each surface.  

Microstructure characteristics for the AlSi10Mg as built samples were evaluated 

using SEM and a Nikon LV100 optical microscope. The tuned polishing steps of high silica 

AlSi10Mg powder alloys processed through SLM, displayed in Table 3.2, are different 

from the traditional polishing methods for Al-alloys. This was done to avoid MgO and SiC 

particles being embedded in the aluminum alloy during grinding with finer grit sized papers, 

which would make it difficult to observe the grain boundaries. It was found that the best 

etchant for the AlSi10Mg alloy samples fabricated by AM is Weck’s reagent (100ml H2O, 

4 g KMnO4 and 1 g NaOH). The sample was held upside down and rinsed with light stirring 

for a 15s duration in Weck’s solution. 

The thermal post-processing study is divided into two parts, starting with an in-situ 

variable temperature experiment to track phase change with a crystal size study under 

variable SHT conditions. The XRD experiment was performed using a DHS 900 Anton 

Paar domed hot stage. The domed stage allows heating of the sample under a vacuum. 
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Phase analyses were performed under heating temperatures of 30, 100, 200, 300, 400, and 

530˚C. The samples were held at each temperature for 1 hour before any measurements 

were recorded to provide uniform heat distribution in the sample. The temperature was also 

held constant at 530˚C for 5 hours, during which measurements were taken hourly. The 

second part of this study is focused on assessing sample microstructure and homogeneity 

by applying annealing, SHT, and T6 HT on the additional fifteen AlSi10Mg fabricated 

samples to validate the results obtained. Annealing was applied at 200 and 300˚C in 

addition to SHT at 530˚C/1hr, 530˚C/5hr, and T6 HT where each treatment parameter was 

tested on three samples. The T6 HT cycle was applied by heating the sample to 530˚C for 

5 hours followed by water quenching and artificial aging for 11 hours at 160˚C. A Nikon 

Microscope LV100 and SEM were used for microstructural image analysis. Micro-

hardness measurements were performed using a Clemex CMT micro-hardness tester where 

the values were registered as the average of 10 indentations performed on each sample at 

200 gf load. 

Table 3.2  Polishing procedures for AlSi10Mg powder alloys processed through SLM. 

Step Surface/abrasive RPM Load Applied 

time 

Coolant 

1 320 grit SiC paper 300 25 N Until 

plain 

Water 

2 9µm MD-Plan 

cloth 

150 40N 5 min Diamond 

3 3µm MD-DAC 

cloth 

150 35 N 3 min Diamond 

4 MD-Chemomet 

cloth 

150 30 N 2 min Colloidal Silica (OPS), then 

adding water before time 

ended by 20S 
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3.3 Results and Discussion 

3.3.1 Powder Characterization 

Figure 3.1 shows the PSD curves for fresh and recycled powder, which confirm 

an almost identical particle size distribution range. The PSD curves represent a positively 

skewed profile that contains a higher amount of fine particles less than 30 µm. The 

positively skewed powder distribution offers a higher apparent density and better surface 

quality for the fabricated parts as compared to the Gaussian and negatively skewed 

distribution grade [34-36]. Table 3.3 shows the corresponding quantitative data where D 

(α) is the measured particle diameter, and α is the volume percentage of particles with a 

diameter smaller than the D value. Quantitative data showed a slight decrease of the average 

particle size in the recycled powder at D (0.9) which may result from the exclusion of the 

agglomerates after sieving.  

 

Figure 3.1: PSD for fresh and recycled AlSi10Mg powders.  
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Table 3.3  Numerical results for PSD of fresh and recycled AlSi10Mg powder. 

SEM observations in Figure 3.2 (a, b) show almost spherical particles for the fresh 

powder. Slightly elongated particles were observed for the recycled powder, as indicated 

by the white arrows shown in Figure 3.2 (c, d). The spherical shape of AM powder results 

in a higher apparent density and better flowability than irregular powder shape [34]. 

However, the change observed in the recycled powder morphology represents a small 

percentage which may not significantly affect the fabricated part quality. Moreover, EDS 

analysis showed nearly consistent chemical composition for both powders as illustrated in 

Table 3.4. The slight composition variations are compatible with the standard deviation 

values for these elements. This consistency for the chemical compositions of both powders 

promises to achieve comparable mechanical properties of the fabricated parts.  

Table 3.4  Chemical composition of AlSi10Mg recycled and fresh powder by EDS. 

XRD phase patterns for the fresh and recycled powders in Figure 3.3 show a 

comparison of the face-centered cubic Al and the diamond-like cubic Si phases. The Al and 

Si diffraction peaks were confirmed using the JCPDS patterns of 01-089-2837 and 01-089-

5012, respectively, where the 00-001-1192 pattern indicated the absence of Mg2Si 

precipitates inside the powder composition. According to Scherrer’s equation, peak 

Sample Name D (0.1) D(0.5) D(0.9) 

Fresh Powder  Diameter 

(µm) 

11.77 28.04 54.09 

Recycled Powder  10.69 27.1 52.58 

Element Si Mg Fe Cu Sn Pb Zn Al 

Fresh Powder Wt% 10.58 0.37 0.41 0.08 0.05 0.05 0.04 Balance 

Recycled Powder Wt% 10.48 0.34 0.32 0.10 0.07 0.05 0.03 Balance 
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broadening varies inversely with the crystallite size [37]. The full width at half maximum 

(FWHM) of Al (111) and Si (220) peaks were measured as 0.23, and 0.85 degrees 

respectively for both fresh and recycled powders, indicating that their crystal size is similar.  

 

Figure 3.2: SEM observations of AlSi10Mg powder morphology: a, b) fresh powder; c, d) 

recycled powder. 

 XPS analysis of the high-resolution oxygen test showed the presence of 

magnesium aluminum oxide (MgAl2O5) on the fresh powder surface and a tiny amount of 

carboxyl silica (SiO2-COOH), as shown in Figure 3.4. This oxide film is often formed, 

within a 2-4 nm thickness on the powder surface, due to contamination during the gas 

atomization process associated with powder production [38-41]. Moreover, it may affect 
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the fabricated part density and its mechanical properties [42]. The relative quantitative XPS 

results in Figure 3.4 indicate almost the same oxide percentage on the recycled powder 

surface as compared to fresh powder. In general, there was no significant evidence for 

developing more oxides on the recycled powder surface as compared to the fresh powder. 

However, the AlSi10Mg fabricated parts may contain some oxides which originate from 

oxidation occurring during the melting process in addition to the existing oxide film on the 

powder [43].   

 

Figure 3.3: XRD phase analysis for AlSi10Mg fresh and recycled powder. 
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Figure 3.4: XPS analysis of particle surface oxides for AlSi10Mg fresh and recycled 

powder. 

In general, the powder characterization results show almost similar properties for 

both fresh and recycled AlSi10Mg powders. Consequently, the recycled AlSi10Mg powder 

could be used, during the SLM process, after following the proper recycling procedures to 

avoid contamination. The current challenge for the AM powder is developing a standard 

for the powder feedstock characteristics in order to achieve consistency in the mechanical 

and physical properties of the fabricated parts [34]. 

3.3.2 Microstructure characteristics of as-built AlSi10Mg samples 

Microstructure assessment was performed for the AlSi10Mg parts fabricated with 

the recycled powder. Optical microscope observations of etched samples were performed 

to reveal the melt pool shape along the building direction (Z direction). The melt pool cross-

sectional view appears as a half-cylindrical shape, which is a reflection of the Gaussian 

shape of laser beam power distribution. As shown in Figure 3.5(a), melt pool shapes are 
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oriented in the same direction along the building direction. Overlap of the melt pool effect 

is manifested by the complete melting of the current layer in addition to the partial melting 

of the previous layer, thus appearing as continuous lines. As shown in Figure 3.5(b), the 

irregular morphology of melt pool shapes, along with the parallel direction layers (XY 

plane), are formed due to the fast melting and cooling rates of the SLM process. Moreover, 

these irregular melt pool shapes indicate the direction of the laser beam scanning, which is 

rotated by 67˚ after scanning each layer according to the selected SLM process parameters.  

 

Figure 3.5: Optical microscopy images of the as-built AlSi10Mg sample fabricated from 

the recycled powder: a) building direction, b) parallel plane to deposited layers. 

Also, Figure 3.5 identifies the porosity obtained as being spherical and keyhole 

pore shaped. The spherical pores are attributed to a small size (less than 10 µm) and resulted 

from the trapped gases inside the powder particle [44, 45]. The keyhole pore has an 

irregular shape and a larger size (within 50 µm), which is associated with the unmelted 

powder due to lack of fusion [22]. Figure 3.5 indicates that the keyhole pores are hardly 

noticeable due to the use of a relatively high power laser rate during SLM (370W). The use 
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of high laser power affects the melting process performance by diminishing the laser power 

losses which take place due to the high reflectivity of Al. Also, this decreases the build time 

by increasing the laser scan speed to preserve the range of energy density. The average 

relative density of five as-built samples using the recycled powder reaches 99.7 ± 0.07%. 

It is worthwhile to note that the relative density range of as-built samples fabricated using 

fresh powder under the same process parameters was comparable to the results obtained 

using the recycled powder. The density value obtained is comparatively higher than the 

reported results in the literature, which that are range from 95.6 to 99.6%, performed under 

the lower laser power rates (100-350W) using fresh powder [13, 16, 44, 46, 47]. The 

relative density obtained using high laser power value (370W) is in good agreement with 

the result trend reported by Kang et al. for the AlSi12 alloy processed through SLM [48].  

 

Figure 3.6: Fine columnar dendritic structure inside the melt pool of the as-built 

AlSi10Mg sample fabricated from recycled powder. 
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The optical microscope observations in Figure 3.6 show a generic picture of 

microstructural transformations within the molten pool of the AlSi10Mg sample, and the 

individual melt pool’s overlapping areas. The microstructure observed inside the melt pool 

is inhomogeneous. There are coarse grains along the melt pool border and fine grains that 

are gradually developing toward the center of the molten pool. SEM observations, at higher 

magnification (Figure 3.7), illustrate the existence of Mg2Si precipitates (20-40 nm size). 

This observation was confirmed through the detection of Mg and Si content at these 

locations using EDS analysis. The presence of Mg2Si precipitates within that small size is 

in agreement with the reported results by Lam et al. for parts fabricated using fresh powder 

[12]. Moreover, the microstructure along the building direction appears as elongated 

columnar grains of Al matrix surrounded by a fibrous Si network structure, in contrast to 

the presence of equiaxed grain along the XY plane. As shown in Figure 3.7, the grain size 

distribution inside each melt pool is significantly different depending on the oriented 

direction. These observations confirm the microstructure inhomogeneity, leading to 

material anisotropy. The microstructure development during the SLM process follows the 

particle accumulated structure formation mechanism (PAS). For PAS, the Al matrix 

solidifies first, then the Si is driven out from the Al matrix due to the surface tensile effects, 

and is solidified along the grain boundaries due to a high cooling rate within 106-108˚C/s 

[14]. It is worthwhile to note that no difference was noticed between the microstructure 

characteristics of the as-built AlSi10Mg parts fabricated by fresh and recycled powder as 

compared to the results reported in the literature [14, 16, 27, 30]. 
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Figure 3.7: Different zones of fine grains inside the melt pool and coarse grains at the 

melt pool border of the as-built AlSi10Mg sample fabricated from recycled powder along 

different orientations. 

XRD phase analysis was performed separately on the top and bottom surfaces of 

the as-built AlSi10Mg sample. As shown in Figure 3.8, identical Al and Si phases appear 

on the four different spots on each surface, indicating considerable homogeneity through 

each layer parallel to the build plate (XY plane). However, a comparison between the top 

and bottom surfaces’ phase patterns demonstrated a significant difference in the Al and Si 

peak intensity and broadening as shown in Figure 3.9. The expanded views, at the Si (111) 

and Al (111) peaks, show a difference in relative peak intensity which is attributed to 

preferred orientation effects. The peaks for Al and Si are broader on the top surface than 

the bottom, which indicates a smaller crystal size for Al and Si crystals on the top surface 
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as compared to the bottom surface [37]. The Rietveld analysis of the XRD phase pattern 

showed the relative weight percentage of Al and Si for the top and the bottom layers as 

listed in Table 3.5. Higher content of Si was detected at the bottom surface in addition to 

an Al (111) peak shift on the top surface. These observations indicate that the solubility of 

Si in the Al matrix increased along the building height [21, 49]. During the SLM process, 

the thermal gradient decreases along the increase of the building height. The higher thermal 

gradient at the bottom layers might induce more crystal growth and an increase in the 

residual stresses [50], which is in agreement with the measured XRD results. Also, as 

shown in Figure 3.9, XRD phase analysis of the as-built sample, using a cobalt sealed tube 

source, detected the existence of Mg2Si at an angle (2θ) of 47.2 degrees according to the 

JCPDS pattern of 00-001-1192.  

Table 3.5  Rietveld analysis throughout the top and bottom surfaces of as-built AlSi10Mg 

sample. 

Figure 3.10 shows a significant change in micro-hardness along the building 

direction for the fabricated ALSi10Mg sample using the recycled powder. The micro-

hardness increased along with the increase in building height from 97± 2 up to 120 ± 2 HV. 

Figure 3.10 also shows that the micro-hardness increase is not linear, which might have 

resulted from the microstructure inhomogeneity inside each melt pool. In addition, 

differences in micro-hardness existed between the bottom and the top surfaces along the 

XY plane within the values of 110 ± 2 and 130 ± 2 HV, respectively. The micro-hardness 

AlSi10Mg 

As-built Sample 

Top Surface Bottom Surface 

Spot 1 Spot 2 Spot 3 Spot 4 Spot 1 Spot 2 Spot 3 Spot 4 

Al    Wt% 92.9 92.6 92.9 93.5 89.2 89.3 90.6 88.5 

Si    Wt% 7.1 7.4 7.1 6.5 10.8 10.7 9.4 11.5 
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measurement confirmed the anisotropy of the fabricated part which resulted from the 

microstructure inhomogeneity inside each melt pool through both the building height 

direction and the XY plane. The obtained mechanism of a hardness increase from the 

bottom up to the top surface is compatible with the result reported by Liu et al. for parts 

fabricated by the fresh powder [51]. It is also worth noting that the hardness of the as-built 

AlSi10Mg parts is significantly higher than the A360 cast alloy (75 HV) [52].    

 

Figure 3.8: XRD phase analysis of the as-built AlSi10Mg sample fabricated from 

recycled powder for the top and bottom surfaces. 
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Figure 3.9: XRD phase pattern comparison of the as-built AlSi10Mg sample fabricated 

from recycled powder for the top and bottom surfaces. 

 

Figure 3.10: Microhardness depth profile along the building direction height (10mm) for 

the as-built AlSi10Mg sample fabricated from recycled powder. 

The microstructure inhomogeneity obtained for the as-built AlSi10Mg samples is 

considered to be an obstacle to achieving consistency in terms of part characteristics. 
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Therefore, the study of post-processing treatment has to play an essential role in obtaining 

homogeneous characteristics for the AM fabricated parts. 

3.3.3 Thermal post processing for AlSi10Mg as-built samples 

3.3.3.1 In-Situ observation of crystal size and phases under variable 

heating temperatures 

According to the in-situ XRD measurements, no phase change was observed at 

the applied temperatures. Al and Si peak broadening was used to monitor the crystal size 

change of Al and Si. Figure 3.11 indicates that the response to Si peak broadening, and the 

shift in the peak angle, are more apparent than the change in Al peaks with the increase in 

temperature. Figure 3.11 also shows that the amount of Mg2Si precipitates increased 

slightly with temperature until they reach a fixed value at temperatures above 400 ˚C due 

to the limited amount of Mg. This observation is in agreement with the thermodynamic 

equilibrium calculations of the phases formed during heat treatment of the AlSi10Mg alloy 

presented by Takata et al. (Takata, Kodaira, Sekizawa, Suzuki, & Kobashi, 2017). In 

addition, the increase in the Si peak intensity with temperature indicates a gradual decrease 

of Si solid solubility while it diffuses out of the Al matrix (Ma, et al., 2014). The trend 

obtained for crystal size change is in agreement with the results reported for thermal post-

processing of the parts fabricated using fresh powder for the AlSi hypoeutectic alloys 

within a range of 7, 10, and 12 wt% of Si (Ma, et al., 2014; Li, et al., 2016; Aversa, Lorusso, 

Trevisan, & Ambrosio, 2017). A peak broadening analysis of Al (111), (200) and Si (111), 

(220) was performed. The average FWHM of Si peaks increased when the sample was 
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heated to 200˚C as shown in Figure 3.12. This increase may result from the microstrain 

relief or the Si crystal size refinement (Langford & Wilson, 1978). Heating from 200˚C to 

530˚C resulted in a gradual decrease in the FWHM of Si peaks. This indicates a significant 

increase in Si crystal size with respect to the applied temperature. Furthermore, the FWHM 

of Si continued to decrease after holding it at a temperature of 530˚C for up to 5 hours. 

FWHM evaluations of Al peaks show a much smaller change as compared to Si with the 

temperature increase, indicating a lower rate of Al crystal growth. The increase of the 

crystal size after heat treatment for the as-built AlSi10Mg parts tends to reduce the 

material’s strength, which in turn decreases the hardness (Li, et al., 2016; Takata, Kodaira, 

Sekizawa, Suzuki, & Kobashi, 2017; Aboulkhair, Maskery, Tuck, Ashcroft, & Everitt, 

2016).  

Figure 3.11: XRD phase pattern of the AlSi10Mg sample fabricated from recycled 

powder under different SHT conditions. 
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In general, the in-situ measurement study showed that the effect of thermal post-

processing treatment of as-built AlSi10Mg parts using the recycled powder would be 

advantageous for industrial applications that require low hardness and high ductility. The 

results obtained will be validated and compared to the T6 HT technique in the following 

section. 

 

Figure 3.11: FWHM analysis for Al and Si peaks for the AlSi10Mg sample fabricated 

from recycled powder. 

3.3.3.2 Effect of Annealing, SHT, and T6 HT on the Microstructure of 

AlSi10Mg AM samples 

Optical microscope analysis of the annealed samples at 200˚C/1hr showed a 

microstructure almost identical to the as-built microstructure. This is attributed to the 

fibrous Si network around the Al matrix grains, as shown in Figure 3.13 (a). For the 

annealed samples at 300˚C/2hr, the fibrous Si network started to decompose, and fine Si 

particles precipitated around the Al matrix grains as shown in Figure 3.13 (b). SHT at 

530˚C/1hr showed decomposition of the Si structure with transformation into separate large 

particles, as illustrated in Figure 3.13 (c). In addition, second phase β of Al5FeSi was 
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formed as needle-like precipitates, which is difficult to detect using XRD measurements. 

Si particles and Al5FeSi precipitates continued to grow as the temperature was held at 

530˚C for 5 hours as shown in Figure 3.13 (d). The Mg2Si precipitates were hardly noticed 

within the lower magnification due to their smaller size (30-40 nm). Subsequent 

microscopic observations indicated a Si particle size consistent with the material that 

underwent the SHT process at 530˚C/5hr, as shown in Figure 3.13 (e, f). In addition, there 

is a significant increase in the density of the Al5FeSi precipitates. Uniform size distribution 

of the Si particle is observed after T6 HT along the building direction (Z direction), as well 

as the parallel direction to the deposited layers (XY plane). The Rietveld analysis of the 

XRD phase pattern was used to calculate the relative weight percentage. The evolution of 

Si particle size and the relative weight percentage of Al and Si under different thermal post-

processing conditions are listed in Table 3.6. The results indicate that the solubility of Si 

inside the Al matrix decreased along with the temperature increase, which is different than 

the heat treatment behavior for the AlSi cast alloys [53]. This different response is due to 

the high solubility of Si inside the Al matrix for the as-built AlSi10Mg parts with 8.89 wt.% 

[26]. This solubility reached a maximum of 1.65 wt.% for the AlSi cast alloys [52]. The 

decrease of Si solubility along with the temperature increase and the Si particle size 

enlargement is similar to the results reported using fresh powder for both AlSi20 and 

AlSi10Mg [21, 26].  

 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

154 

 

Table 3.6  The change of the average Si particle size and the relative weight percentage of 

Al and Si for AlSi10Mg parts after thermal post-processing. 
Measured parameter As-built 

 

200˚C/1hr 300˚C/2hr 530˚C/1hr 530˚C/5hr T6 HT 

 

Si particle size (µm) - - 0.2 0.7-2.9 1-5.4 1.3-6 

Si wt.% 8.8 10.4 11 11.6 12.2 12.2 

Al wt.% 91.2 89.8 89 88.4 87.8 87.8 

Figure 3.13: Optical microscopic observations for AlSi10Mg samples fabricated from 

recycled vs. different heat treatment conditions; a) 200˚C/1hr, b) 530˚C/1hr, c) 530˚C/5hr, 

and d), e) T6 for vertical and parallel directions correspondingly. 
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Figure 3.12: Microstructure of AlSi10Mg samples fabricated from recycled powder after 

annealing: a, c) at 200˚C/1hr, and b, d) at 300˚C/2hr. 

The development of the as-built microstructure after etching of the annealed 

samples is presented in Figure 3.14 using SEM observations. There was almost no change 

in the grain shape and size after annealing at 200˚C/1hr, as shown in Figure 3.14 (a, c). For 

the annealed sample at 300˚C/2hr, the fine Si precipitates are noticed around the same 

structure of the Al matrix grains as shown in Figure 3.14 (b, d). SEM observations in Figure 

3.15 (a, c) show a significant increase in the grain size of the Al matrix (average size of 

4µm) after SHT at 530˚C/1hr, as compared to the as-built microstructure grain size (0.5-1 

µm). The average grain size continued to grow up to 6.5 µm when it was held at 530˚C/5hr, 
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as shown in Figure 3.15 (b, d). Moreover, the microstructure homogeneity is observed 

along the cross-section of each sample for SHT at 530˚C under both holding times of 1 and 

5 hours. It was noticed that the evolution of the Si precipitates continued to be distributed 

around the Al matrix grain boundaries. As illustrated in Figure 3.16, a noticeable 

microstructure refinement after T6 heat treatment takes place due to the recrystallization of 

the new grains of Al matrix with a smaller size. The stability in microstructure homogeneity 

is still retained after T6 treatment in addition to the formation of equiaxed recrystallized 

grains.  

 

Figure 3.13: Microstructure of AlSi10Mg samples fabricated from recycled powder after 

SHT at 530˚C/1hr: a) top, c) bottom areas; at 530˚C/5hr: b) top, d) bottom areas. 
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Figure 3.14: Microstructure of AlSi10Mg samples fabricated from recycled powder after 

T6 HT along the building direction: a) top, c) bottom areas; b, d) along the parallel plane 

to deposited layers. 

The micro-hardness evolution after thermal post-processing was investigated 

along the Z-direction. According to the results obtained from the micro-hardness 

measurements and the microscopic observations, the micro-hardness decreases with the 

temperature increase through different stages of Si structure evolution. A slight reduction 

in the hardness was achieved from annealing at 200˚C for 1 hour due to the start of the 

breaking down of the Si fibrous network in the as-built structure. The Si network is 

completely separated for annealing at 300˚C/2hr, where the fine Si particles started to 

precipitate around the grain boundaries resulting in a homogeneous hardness reduction to 
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78 HV. There was a significant reduction in micro-hardness up to 50% (62 HV) after SHT 

at 530˚C, as compared to as-built hardness obtained, due to the formation of large Si 

particles. Although the crystal size increase at 530˚C/5hr was observed to be more 

significant than the crystal size at 530˚C/1hr, the micro-hardness values are almost the same 

(60 HV) due to the onset of precipitation formations. Alternatively, the T6 heat treatment 

showed a considerable hardness increase within 115 HV, which was determined to be 

comparable to the as-built values due to the formation of Mg2Si and Al5FeSi precipitates. 

In addition, the formation of the recrystallized Al matrix grains resulted in a supersaturated 

homogeneous structure and material hardness increase. The measured hardness values were 

in agreement with XRD analysis and microscopic observations. Moreover, the obtained 

trend in micro-hardness change for the heat treatment of AlSi10Mg using the recycled 

powder is in agreement with the results reported in the literature for parts fabricated using 

the fresh powder [27]. The micro-hardness decrease obtained after annealing and SHT 

could increase the ductility, and decrease the tensile and ultimate strength, as compared to 

as-built values [26, 27].  

The change in the normal residual stress was evaluated at three different spots for 

each of the samples obtained from the as-built, rough machined (RM) surface, and those 

subjected to thermal post-processing. Figure 3.17 shows small values of residual stresses 

(7.7±5 to -6.4±5 MPa) for the as-built surface due to preheating the platform to 200˚C 

before starting the building process. This could increase the fatigue resistance as well as 

the dimensional accuracy [54]. Moreover, the residual stresses measured for the AlSi10Mg 
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as-built parts are lower than those formed inside the A360 cast material due to rapid cooling 

rates during SLM [52, 55, 56]. After the rough machining of the as-built sample, 

compressive residual stresses were detected on the sample surface (75-85 Mpa). For the 

annealed sample at 200˚C/1hr, tensile residual stresses were measured along the Z-direction 

(30.7-64.9 Mpa). The residual stress relief was achieved after annealing at 300˚C/2hr, as 

shown in Figure 3.17. For the SHT and T6 treatment, tensile residual stress was detected, 

along the Z-direction, within the same range (26.8-78.9 Mpa). Figure 3.17 also shows 

similar values of residual stress for both the Z-direction and XY plane after T6 treatment. 

 

Figure 3.15: The average of normal residual stress for the AlSi10Mg sample fabricated by 

the recycled powder under different thermal treatment conditions. 

Figure 3.18 summarizes and maps the effect of thermal post-processing on the 

developed microstructure and micro-hardness of the AlSi10Mg samples fabricated using 

recycled powder. This map shows the development of the as-built microstructure 
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characterized by the Al matrix grains surrounded by a fibrous Si network within a range of 

microhardness from 97 to 120 HV due to the inhomogeneity obtained. This microstructure 

started to be decomposed by precipitating the fine Si precipitates around the Al matrix, then 

the Si precipitates’ size gradually increases along with the temperature increase. The 

change in microstructure after thermal post-processing is clearly illustrated in Figure 18. 

The microhardness reduction was detected after annealing and SHT while the 

microstructure homogeneity along the building direction was achieved. After the T6 HT, a 

higher microhardness was obtained with almost the same level of as-built values in addition 

to retaining the microstructure homogeneity for both the Z-direction and the XY plane.  

 

Figure 3.16: Microhardness map for thermal post-processing of AlSi10Mg samples cross 

section fabricated by SLM. 
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The results of the current study using recycled powder are generally in agreement 

with most of the trends reported for the samples produced by fresh powder [21, 25, 26, 27, 

28]. Those previous studies used fabricated samples that were performed under different 

SLM process parameters for each study, while the current study presented the thermal post 

processing effect on the AlSi10Mg including the effect of annealing, SHT, and T6 HT for 

the samples fabricated using the same SLM process parameters. 

3.4 Summary and conclusion 

A comprehensive study of AlSi10Mg samples fabricated through SLM from a 

recycled powder was performed, including powder characterization, microstructure 

evaluation, and the investigation of the effects of thermal post-processing. The results are 

summarized as follows: 

1. The characterization of AlSi10Mg fresh and recycled powders showed almost 

identical PSD, chemical and phase compositions, crystal size, and surface oxide 

content, with a slightly different powder morphology. As a result,  this study 

recommends that a recycled AlSi10Mg powder can be used as part of a cost-

effective process for part fabrication with no loss in part quality after providing of 

proper sieving. 

2. A similar microstructure was observed for the as-built AlSi10Mg samples 

fabricated from recycled powder, as compared to those of the parts produced by 
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fresh powder. The eutectic microstructure obtained is attributed to ultrafine Al 

matrix grains surrounded by the fibrous Si network which could achieve better 

mechanical properties as compared to a cast material of the same alloy.  

3. The keyhole pores were hardly noticed in the microstructure, and a high relative 

density value of 99.7% was achieved. Also, the use of higher laser power (370 W), 

as compared to the previously reported studies, along with high laser scan speed 

(1300 mm/s) resulted in a reduction of the duration of the build time.  

4. A comprehensive study of microstructure inhomogeneity was conducted 

throughout different areas and orientations. For example: inside the melt pool 

structure, along with the building direction, and through the parallel plane to the 

deposited layers. This microstructure inhomogeneity is considered to be one of the 

main causes that could result in an anisotropic material.  

5. An in-situ XRD study showed a significant increase in the Si crystal size along with 

the temperature that could affect the mechanical properties. The evolution of Si 

particle size resulted in a considerable reduction of Si solubility inside the Al matrix. 

The observed reduction in Si solubility inside the Al matrix after the heat treatment 

of AlSi10Mg parts fabricated through SLM is opposite to the behavior achieved for 

a cast material of the same alloy.  

6. The detailed metallographic analysis illustrated that the microstructure 

homogeneity of AlSi10Mg fabricated parts can be achieved, along with different 

orientations, after SHT at 530 ˚C, and T6 HT. The observed microstructure 
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homogeneity was not recorded in such a scale before and is considered to be 

essential to avoid the effect of anisotropy.  

7. SHT offers a ductile and homogeneous microstructure due to a 50% hardness 

reduction as compared to as-built conditions. However, T6 HT provides a 

homogenous microstructure accompanied by microstructure refinement, the 

formation of beneficial Mg2Si and Al5FeSi precipitates, and a significant increase 

in hardness.  

8. It was shown that compressive residual stresses were generated after rough 

machining of the as-built surface. Along with the building direction, residual stress 

relief was observed after annealing at 300˚C/2hr. SHT and T6 HT treatments lead 

to tensile residual stress on the part surface.  

9. The achieved results are presented in a micro-hardness map through different 

conditions of thermal post-processing. This map can be utilized to satisfy the design 

requirements of most critical industrial applications, such as machining of parts, 

where surface integrity and hardness are essential. 
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Clarification points: 

This chapter investigated the effect of shot peening parameters using glass beads 

on surface roughness, hardness, and residual stress of the as-built AlSi10Mg parts. The 

selected SP parameters were applied on different as-built surface textures. 

Microstructure characterization demonstrates the effect of shot peening on 

microstructure development under the surface. The hardness and residual stress in depth 

profile of the peened surface was also obtained. 

The results showed that shot peening could be a viable surface treatment post-

processing technique for an acceptable range of surface finishes. A significant 

microstructure refinement was observed at the depth of shot peening, which might indicate 

an improvement of   the micromachined surfaces’ roughness.   
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Abstract 

The additive manufacturing (AM) of aluminum alloys promises to considerably 

enhance the performance of lightweight critical parts in various industrial applications. 

AlSi10Mg is one of the compatible Al alloys used in the selective laser melting of 

lightweight components. However, the surface defects obtained from the as-built parts 

affect their mechanical properties, and thus represent an obstacle to using them as final 

products. This study aims to improve the surface characteristics of the as-built AlSi10Mg 

parts using shot peening (SP). To achieve this goal, different SP intensities were applied to 

various surface textures of the as-built samples. The SP results showed a significant 

improvement in the as-built surface topography and a higher value of effective depth using 

22.9 A intensity and Gp165 glass beads. The area near the shot-peened surface showed a 

significant microstructure refinement to a specific depth due to the dynamic precipitation 

of nanoscale Si particles. Surface hardening was also detected and high compressive 

residual stresses were generated due to severe plastic deformation. The surface 

characteristics obtained after SP could result in a significant improvement in the 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

172 

 

mechanical properties and fatigue strength, and thus promise performance enhancement for 

critical parts in various industrial applications.  

Keywords: 

Additive manufacturing; selective laser melting; AlSi10Mg; shot peening; surface 

treatment; microstructure refinement; surface hardening; compressive residual stress. 

4.1 Introduction 

Additive manufacturing (AM) produces a significant improvement in parts’ 

performance by achieving design flexibility and weight reduction. AM can be used for the 

production of a wide range of industrial applications, such as in biomedical, automotive, 

aerospace, and military fields, and beyond. A selective laser melting (SLM) process is often 

used for the AM of metals such as Al alloys. AlSi10Mg is one of the most frequently used 

Al alloys for SLM due to its lower coefficient of thermal expansion (CTE), as compared to 

that of Al6061, which is commonly used in conventional techniques. The relatively low 

CTE of AlSi10Mg results in higher dimensional accuracy, superior mechanical properties, 

and the elimination of crack formation [1]. However, the as-built parts produced could have 

surface and microstructure defects. This represents an obstacle to achieving high surface 

quality and consistent mechanical properties. Surface defects, such as porosity and balling 

formation, considerably affect a part’s quality [2]. The porosity may exist on the surface, 

or inside the material in the form of keyhole, spherical, or micro shrinkage pores [3]. 
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Spherical balls may also form on the part surface due to the failure of wetting the underlying 

substrate by the molten material [3].  

The improvement of the surface integrity of as-built parts fabricated using SLM 

is still an active research issue. Calignano et al. [4] illustrated the effect of SLM process 

parameters on the surface roughness of AlSi10Mg components. Their results showed that 

laser scan speed is the most significant parameter that affects the surface roughness of as-

built parts. Townsend et al. [5] reported that the side and top surfaces of the as-built 

AlSi10Mg parts have different values of surface roughness due to the disappearance of 

laser tracks on the side surface. The as-built AlSi10Mg microstructure also showed an 

inhomogeneity, resulting in an anisotropic structure [6]. Moreover, fatigue, fretting fatigue, 

wear, and corrosion are considered to be the most common failures of engineering materials 

to withstand their propagation inside the part [7]. Consequently, the surface treatment of 

as-built AM parts is required to improve their surface integrity and mechanical properties. 

Shot peening (SP) is one surface treatment technique that can be used to enhance the surface 

roughness [5] and improve the fatigue performance of Al alloys [8]. SP is a cold working 

process that bombards the part surface with spherical beads using high pressure [9]. SP 

results in a surface layer plastic deformation that generates residual compressive stress due 

to the application of multiple shot impacts on the part surface [10]. Various studies have 

reported that SP could improve the hardness, fatigue strength, and tensile strength of the 

part surface of conventional materials, such as Al alloys [11,12] and  
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Ti6Al4V [13]. The main process parameters of SP are the Almen intensity and 

surface coverage [14]. First, the Almen intensity represents the arc height calculated from 

a shot-peened Almen strip  

due to the incident kinetic energy generated on the sample surface from the shots’ 

impact [15]. The Almen intensity reflects the effect of the shot size, hardness, speed, flow 

rate, and impact angle [10].  

Qandil et al. [16] reported that the SP intensity applied to Al 7075 T6 and Al 2024 

T3 has to be optimized using a relatively small shot size to avoid surface damage by over-

peening. Second, the surface coverage represents the ratio of the area covered by the shots’ 

indentations, as compared to the total area of the surface treated. The surface roughness of 

the SP part improves along with the increase of surface coverage, until stabilizing at a 

constant value [14]. 

Recent studies have focused on applying SP to as-built AM parts to improve their 

surface finish and wear resistance. Calignano et al. [4] studied the effect of SP using glass 

beads on the surface roughness of as-built AlSi10Mg parts fabricated through different AM 

process parameters, in addition to applying various SP pressures. Their results showed a 

significant reduction in the roughness of as-built surfaces from 76% to 83% using 8 bar 

pressure. AlMangour et al. [17] reported that SP improves the surface roughness, hardness, 

fatigue, and yield strength of additively manufactured 17-4 stainless steel. Damon et al. [18] 

also studied the effect of SP on the porosity formed inside AlSi10Mg parts. They showed 
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that SP using S170 steel beads reduces the porosity by 0.1–0.3% and increases the fatigue 

strength of the as-built parts. Uzan et al. [19] investigated the influence of SP on the fatigue 

resistance of AlSi10Mg using steel and ceramic beads. They showed that the mechanical 

or electrolytic polishing after shot peening could increase the material fatigue resistance. 

Regarding the aforementioned studies, the impact of SP intensity on microstructure, 

microhardness, and surface waviness using glass beads has not been fully characterized for 

both the as-built and machined AlSi10Mg parts fabricated by SLM. 

The current study aimed to investigate the influence of SP intensity by examining 

the surface integrity and the microstructure transformation to satisfy the design 

requirements of the end user products. SP was applied to different surface textures of as-

built AlSi10Mg parts to compare its impact on their surface roughness and waviness, 

microstructure, microhardness, and residual stress. Different SP intensities were also 

applied to both as-built and machined surfaces using different glass beads sizes. A full 

characterization of the surface topography and microstructure was presented after SP, as 

compared to as-built and machined surfaces. Finally, the microhardness and residual stress 

profiles were illustrated along the depth of the sample surface.  

4.2 Experimental Procedure 

AlSi10Mg powder was used to fabricate the as-built AlSi10Mg samples 

fabricated by SLM using an EOS M290 machine. This machine is equipped with a fiber 

laser system up to 400 W power level using a 100-µm spot diameter. A Master Sizer 2000 
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particle size distribution (PSD) tester, TESCAN VP scanning electron microscope (SEM), 

and energy dispersive X-ray spectroscopy (EDS) were used for the powder characterization 

according to ASTM F3049-14 [20]. The PSD of the AlSi10Mg powder was shown to range 

between 2 µm to 70 µm, as shown in Figure 4.1(a), while D(0.1), D(0.5), and D(0.9) are 

11.77, 28.04, and 54.09 µm, respectively. The SEM image in Figure 4.1(b) shows the 

spherical shapes of the powder particles used, and its chemical composition was measured 

using EDS, as listed in Table 4.1. The in-core and up-skin process parameters are presented 

in Table 4.2 [6]. During the SLM process, argon was used as an inert gas medium to avoid 

oxidation and hazards within less than 0.1% oxygen. The platform was also preheated to 

200 °C before starting the build, in order to control the thermal gradient between the layers 

to reduce the formation of residual thermal stress. Two sets of AlSi10Mg samples were 

fabricated with dimensions of 50 mm in diameter and 10 mm in height. The first set 

represents the as-built strip (AB (strip)) samples, which were produced using in-core 

parameters. The surface of the second set of samples was fabricated using the up-skin 

parameters within a thickness of 90 µm. One half of each as-built sample surface was 

machined using an OKUMA CNC Crown L1060 three-axis machine. A 50-mm cutter 

diameter was used for face milling at a 100-µm depth of cut using liquid coolant with 350 

mm/min cutting speed, 0.03 mm/tooth, and 4000 rpm tool rotation. 
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Figure 4.1. (a) SEM observations of the AlSi10Mg powder morphology; (b) particle size 

distribution (PSD). 

Table 4.1. The energy dispersive X-ray spectroscopy (EDS) measurements for 

the weight% of the chemical composition elements of the AlSi10Mg powder. 

Si Mg Fe Cu Sn Pb Zn Al 

10.58 0.37 0.41 0.08 0.05 0.05 0.04 Balance 

Table 4.2. Processing parameters for the selective laser melting (SLM) of AlSi10Mg 

samples. 

SLM 

Parameters 

Laser 

Power 

(W) 

Scan 

Speed 

(mm/s) 

Hatch 

Spacing 

(mm) 

Layer 

Orientation 

Angle (°) 

Layer 

Thickness 

(µm) 

Scan 

Strategy 

In-Core 370 1300 0.19 
67 30 Stripes  

Up-Skin 360 1000  0.21 

SP was applied on the as-built AlSi10Mg samples using a Lance machine equipped 

with a single nozzle with a 19-mm diameter. Two different Almen intensities were 

conducted on the machined surface (M), depending on the size of the glass beads used. The 

high-intensity SP (HSP) was 22.9 A using Gp165 glass beads, while the low-intensity SP 

(LSP) was 20.3 N using Gp50 glass beads. A coverage surface factor of 200% was applied 

to avoid the existence of not-peened areas. The distance from the nozzle to the sample 

surface was 152 mm using a 90-degree angle of impact. As shown in Figure 4.2, each 
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sample surface was divided into four quarters that had different texture zones, including: 

as-built (AB), as-built SP (AB + SP), machined (M), high-intensity SP (HSP), and low-

intensity SP (LSP).  

An Alicona Infinite Focus G5 microscope was used to investigate the surface 

integrity of the selected areas regarding both surface roughness and waviness 

measurements. The measured area represents a 10 × 10 mm using a 10X magnification lens. 

The samples were wire-cut to investigate the microstructure change along their cross-

sections. Polishing and etching procedures were applied according to the tuned steps for 

additively manufactured AlSi10Mg samples, as illustrated by Maamoun et al. [6]. The 

microstructure was evaluated using the SEM, a Nikon LV100 optical microscope, and a 

Bruker D8 DISCOVER equipped with a cobalt sealed tube source for the X-ray diffraction 

(XRD) measurements. The analysis of the FWHM (full width at half maximum) was 

performed using TOPAS software to investigate the effect of SP on the crystallite size and 

grain refinement on the surface. An automatic Clemex CMT microhardness tester was used 

to investigate the surface microhardness, in addition to mapping the microhardness profile 

in depth. Each of the registered values represents an average of five indentations using a 

load of 25 gf. The standard deviation for the microhardness measurements was ±2 HV, 

according to the instrument calibration. The normal residual stress on the surfaces was 

measured using XRD and analyzed using LEPTOS software, in addition to plotting the 

residual stress profile in depth from the sample surface.  
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Figure 4.2. Various surface textures of the AlSi10Mg samples of as-built, rough 

machined, and shot-peened areas. 

4.3 Results and Discussion 

4.3.1 Surface Topography 

Figure 4.3(a) shows the SEM observations of surface defects of the as-built 

AlSi10Mg sample, which negatively affect its surface integrity. These defects are 

represented in balling, partially melted powder, signs of the laser scan track, and surface 

porosity. Figure 4.3(b) illustrates the ellipsoidal balling that formed due to the failure of the 

melted powder to wet the underlying substrate. This resulted in the formation of either 

ellipsoidal or spherical balls. The mechanism of balling formation indicates that the energy 

density is only sufficient to melt the powder particles, but not sufficient to penetrate and 

thus join the particles with the underlying substrate [21]. The scan speed is also considered 

to be a significant parameter affecting the balls’ formation upon the surface, and it has the 

same microstructure of the as-built part [22]. Figure 4.3(c) shows satellites that represent 

partially melted powder particles or spattering particles that were adhered to the sample 
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surface without melting due to their existence inside the heat-affected zone. These particles 

keep the original microstructure of powder, and they do not have the same microstructure 

as the as-built part [23]. The track of the strip laser scan is illustrated in Figure 4.3(d). It is 

the high cooling rate applied to the final layer that makes the texture of these tracks appear; 

the width of the tracks is slightly larger than the laser beam diameter (100 µm). Figure 4.3(e) 

also illustrates a pore that was formed on the as-built surface that might have developed 

due to the lack of fusion, or the failure of the molten metal to fill in the whole surface as a 

result of the balling formation. SP was selected as a cold working post-processing method 

to try to eliminate the adverse effect of these defects on the surface integrity and to improve 

the mechanical properties of the part surface. 

 

Figure 4.3. (a) SEM observations of the as-built AlSi10Mg surface defects, (b) partially 

melted powder particle, (c) ellipsoidal balling, (d) track of the strip laser scan, and (e) 

pore formed on the surface. 
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The impact of glass bead SP on the as-built AlSi10Mg surface morphology is shown 

in Figure 4.4. This figure illustrates that the defects on the as-built surface are obviously 

eliminated for the AB + SP, M + HSP, and M + LSP surfaces. Figure 4.4(a, d) shows the 

surface morphology of an AB + SP part which is similar to that obtained in the M + HSP 

sample, shown in Figure 4.4(b, e), due to the use of the same shot size. For the M + HSP 

sample, the dimple size of shots on the surface illustrated in Figure 4.4(b) is larger than that 

obtained on the M + LSP surface, as shown in Figure 4.4(c). The low-intensity SP (20.3 N) 

results in a more homogeneous and smooth surface due to the use of a smaller glass bead 

size and lower pressure. Figure 4.4(e) indicates an initiation of microcracks on the 

machined surface after SP that does not appear on either the AB + SP surface shown in 

Figure 4d or the M + LSP surface shown in Figure 4.4(f). The initiation of these cracks 

refers to the higher stress concentration on the machined flat surface as compared to its 

effect on the as-built surface, and thus results from the stress distribution on the as-built 

rough surface that heals the surface defects. The observation of these cracks is in agreement 

with the similar observation of surface crack initiation due to high SP intensities reported 

by Unal et al. [24]. The trend of surface roughness change after SP shows a significant 

dependence on the original status of the surface topography, which is in agreement with a 

similar trend reported by Bagherifard et al. [14]. It is worthwhile to note that a similar 

surface texture is obtained after the SP of both strip and up-skin as-built samples. The 

average values of surface roughness and waviness of as-built, machined, and SP samples 

are listed in Table 4.3. The results showed a significant improvement in surface roughness 

after SP of the as-built samples, which changed from 12 µm to an average of 5.85 µm. The 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

182 

 

roughness decrease after SP could be related to the surface peak’s displacement due to the 

intensity applied from the shots. The low-intensity SP resulted in a smoother surface, which 

reached 2 µm, as compared to that obtained by the high-intensity SP (5 µm). This is related 

to the use of smaller sized glass beads, in addition to applying the lower intensity. 

According to Table 4.3, the results show an adverse effect on the surface waviness of the 

AB + SP (strip) sample. However, a slight improvement was observed on the waviness of 

the AB + SP (up-skin) surface. It was observed that applying high-intensity SP results in a 

higher surface waviness as compared to the value obtained after conducting low-intensity 

SP. Figure 4.5(a, b) shows the rough three-dimensional (3D) surface texture derived from 

the AB (strip) and AB (up-skin) samples. According to Figure 4.5(c), a significant 

improvement in surface roughness can be observed after the SP of both as-built surfaces. 

Figure 4.5(d) illustrates the machined surface texture with very low surface roughness 

before SP. As shown in Figure 4.5(e), the rougher surface is obtained by applying a higher-

intensity SP than that obtained after using the low-intensity SP, as presented in Figure 4.5(f). 

The increase of surface roughness after SP could negatively affect the fatigue and tensile 

strength [24]. Consequently, there should be an optimization of SP parameters to satisfy 

the design requirements of the product. It is worthwhile to note that the measured values of 

surface roughness in Table 4.3 validate the surface texture observations in Figure 4.5. 
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Figure 4.4. The impact of shot peening on the surface morphology of the AlSi10Mg 

sample: (a,d) as-built (AB) + shot-peened (SP), (b,e) machined (M) + high-intensity 

SP (HSP), (c,f) M + low-intensity SP (LSP). 

 

Table 4.3. The effect of shot peening on both surface roughness and waviness. 

Surface 
AB 

(Strip) 

AB 

(Up-Skin) 

AB + SP 

(Strip) 

AB + SP 

(Up-Skin) 
M M + HSP M + LSP 

Average Ra (µm) 11.96 6.98 5.92 5.82 0.22 5.34 2.05 

Surface Waviness (µm) 0.38 2.2 2.79 1.92 0.06 0.23 0.07 
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Figure 4.5. Three-dimensional (3D) surface texture of the AlSi10Mg samples: 

(a) AB (strip scan); (b) AB (up-skin); (c) AB + SP; (d) M; (e) M + HSP; and (f) 

M + LSP. 

The surface topography of the AB (strip) + SP sample showed a significant 

improvement in surface roughness and was accompanied by higher surface waviness with 

no observation of microcrack initiation. Moreover, the low-intensity SP improved the 

surface roughness after SP with almost no change in the surface waviness factor.  
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4.3.2 Microstructure Characterization 

The as-built AlSi10Mg microstructure is illustrated in Figure 4.6 along both the 

building direction (Z-direction) and the direction parallel to the deposited layers (XY plane). 

As shown in Figure 4.6(a), an irregular geometry of melt pool shape appears along the XY 

plane, which is intersected with that obtained from the previous layer at 67° (the orientation 

angle between the layers deposited). Figure 4.6(b) shows a semi-elliptical melt pool shape 

along the Z-direction, which is attributed to the Gaussian effect of the incident laser beam. 

The microstructure of the as-built AlSi10Mg part consists of Al matrix grains surrounded 

by a Si network, which is related to the particle accumulated structure (PAS) formation 

mechanism, as reported by Prashanth et al. [25]. Figure 4.6(c, d) illustrates the microstructure 

inhomogeneity along both the Z-direction and the XY plane; coarser grains are observed along 

the melt pool border inside both directions. Figure 4.6(e, f) also shows the equiaxed grains 

along the XY plane, while elongated columnar grains are noticed along the Z-direction. The 

microstructure inhomogeneity obtained could lead to anisotropic characteristics of the as-built 

material [6]. 

After applying SP, cross-sectioned samples were polished, then etched to study 

the microstructure change along the Z-direction. Figure 4.7(a) shows the microstructure of 

the as-built sample, which represents the melt pool shape of the sample surface layer within 

a depth of 148 µm. It was observed that a significant deformation of the melt pool shape 

occurred after SP, and thus increased the depth of the melt pool shape to 189 µm, as shown 

in Figure 4.7(b). The change of the melt pool shape refers to the severe plastic deformation 
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that was applied to the sample surface. Figure 4.7(c) shows that the affected depth after the 

high-intensity SP of the machined surface reached 150 µm. That depth decreased to 113 

µm after applying low-intensity SP on the same sample, as shown in Figure 4.7(d). It was 

observed that the value of the affected depth after SP was increased, along with the Almen 

intensity, due to the higher amount of stress concentration applied to the surface. This is in 

good agreement with the trend reported by Unal et al. [24]. The observations in Figure 4.7(a, 

b) show that the original surface texture before SP affects the depth of the layers deformed. 

Figure 7(e, f) illustrates a significant microstructure refinement under the shot-peened 

surface due to the transformation of the elongated columnar grains of the as-built structure 

into nanoscale equiaxed grains. The microstructure refinement resulted from the plastic 

deformation generated and the increased density of the dislocations [14]. The high-intensity 

SP of the machined surface resulted in a more refined structure, in addition to considerable 

surface damage, as indicated in Figure 4.7(e). However, the low-intensity SP resulted in 

more coarse grains and a smoother surface, as illustrated in Figure 4.7(f). 
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Figure 4.6. Microstructure observation s of the as-built AlSi10Mg sample: along the XY 

plane; (a) melt pool shape; (b) melt pool grain structure; (c) equiaxed grain along the Z-

direction; (d) melt pool shape; (e) melt pool grain structure; (f) elongated grains. 

 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

188 

 

 

Figure 4.7. The influence of shot peening on the melt pool shape of the AlSi10Mg 

sample, (a) AB, (b) AB + SP, (c) M + HSP (d) M + LSP, and a surface profile at high 

magnification; (e) M + HSP, (f) M + LSP. 

The impact of SP on the microstructure of as-built AlSi10Mg samples was 

investigated under different SP intensities and sample surface textures. The SEM 

observations showed a significant transformation of the as-built microstructure, as 

illustrated in Figure 4.8. For the AB + SP sample, the deformed layers near to the surface 

due to the plastic deformation are shown in Figure 4.8(a). The fibrous Si network 

surrounding the Al matrix grains in the as-built microstructure was decomposed, followed 
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by a dynamic precipitation of spheriodized Si particles, as illustrated in Figure 4.8(b, c). 

The nanoscale Si particles were precipitated within a size range of 100–500 nm, and they 

were homogeneously dispersed in the area affected after SP, as shown in Figure 8c. The 

formation of spheriodized Si particles after SP is in good agreement with the mechanism 

obtained after the shot-peened Al-Si cast alloys reported by Cho et al. [26]. Figure 8d–f 

shows the microstructure of the machined surface using high-intensity SP (M + HSP). 

Figure 4.8(d) illustrates that the area near the surface was affected by circular stress waves 

which start from the shot contract position with the surface and extended to a depth of 10 

µm. Microcracks were also noticed along the layers under the sample surface, as indicated 

in Figure 4.8(e). These microcracks vanished at depths more than 10 µm from the sample 

surface. It is worthwhile to note that the microcracks did not appear inside the AB + SP 

sample microstructure, which indicated that the original surface texture of the sample 

affects the initiation of these cracks after SP. It was also noticed that the microstructure 

homogeneity of the nano-recrystallized grains was improved at depths of more than 10 µm 

due to the disappearance of the stress waves pattern, and by using a high surface covering 

factor value (200%). The SEM images indicated that the area affected inside the M + HSP 

sample was extended to a depth of 130–150 µm before reaching the as-built microstructure, 

as illustrated in Figure 4.8(f). Figure 4.8(g) illustrates the microstructure of the M + LSP 

sample; no stress wave patterns were observed, due to the application of low-intensity SP 

that reduced the plastic deformation strength. The SEM images also indicated that the depth 

of the M + LSP sample was around 110–120 µm, which is smaller than that obtained from 

the M + HSP sample. Figure 4.8(h, i) shows an incomplete dynamic precipitation of Si 
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particles due to the low-intensity SP applied. The Si particles were precipitated in a larger 

size than that obtained from the M + LSP sample. The results showed agreement with the 

SP mechanism of the grain refinement and the hardening of the Al-Si cast alloys reported 

by Cho et al. [26]. 

 

Figure 4.8. Microstructure evolution after the shot peening of the AlSi10Mg sample 

under different magnifications: (a–c) AB + SP; (d–f) M + HSP; and (g–i) M + LSP. 

The XRD phase patterns in Figure 4.9 show that no phase change occurred after 

SP. The diffraction peak identification of Al, Si, and Mg2Si were detected using the  

Joint Committee on Powder Diffraction Standards (JCPDS) patterns of 01-089-2837, 01-
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089-5012, and 00-001-1192, respectively. A significant difference was noticed in the 

broadening of Al and Si peaks between the AlSi10Mg as-built, machined, and SP samples, 

as shown in Figure 4.9. The magnified view in Figure 4.9 shows the peak broadening 

difference at the Al(111) peak. The peak broadening comparison of samples should indicate 

the crystal size change, as they have an inverse relationship according to Scherrer’s 

equation [27]. It is worthwhile to note that the FWHM increase after applying SP is related 

to a rise in the microstrain and crystal size reduction [28]. According to the values listed in 

Table 4.4, FWHM analysis shows an increase in peak broadening after SP of the as-built 

sample, and thus validates the refinement which occurred for both Al and Si grains. 

Although the as-built microstructure has a fine grain structure, as compared to the cast 

material of the same alloy [6], SP satisfied the additional refinement into the nanoscale 

grains of Al and Si. The values presented in Table 4.4 also show similar FWHM values of 

the Al(200) peak from AB + SP, M + HSP, and M + LHP samples. However, a greater 

refinement of the Si crystals is observed for the AB + SP and M + HSP samples than that 

achieved in the M + LSP sample. Consequently, the SP intensity is considered to be a 

significant parameter that affects the Si precipitates’ size after the SP of the as-built samples. 

The FWHM analysis validates the SEM observations illustrated in Figure 4.8. It is 

worthwhile to note that both the SP intensity and the surface coverage factor should be 

optimized to avoid surface damage as well as to satisfy the stabilization of the 

microstructure refinement limit [14,15,26]. 
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Figure 4.9. The X-ray diffraction (XRD) phase pattern of the AlSi10Mg samples under 

different SP conditions. 

 

Table 4.4. The average full width at the half maximum (FWHM) of Al and Si peaks 

of the as-built, rough-machined, and SP samples. 

Sample AB 
AB + 

SP 
M 

M + 

HSP 
M + LSP 

Al (200) FWHM (deg.) 0.246 0.332 0.276 0.321 0.317 

Si (220) FWHM (deg.) 0.981 1.454 1.104 1.141 1.129 

4.3.3 Microhardness and Residual Stresses 

The microhardness measurements were performed on each sample surface, in 

addition to investigating the microhardness profile along the cross-section of as-built, 

machined, and SP samples. The values listed in Table 4.5 illustrate a 25% increase in the 

microhardness of the AB + SP surface that reaches 154 HV, as compared to the value 
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resulting from the as-built and machined surfaces. The surface hardening obtained is related 

to the microstructure refinement, as well as the severe deformation applied due to the 

kinetic energy transmitted to the SP surface. A slight increase to 128 HV was observed 

after surface machining, resulting from the cutting process effect which modifies the 

microstructure of the underlying surface layers [14]. This hardness increase after surface 

machining is in agreement with the peak broadening observation in the XRD phase pattern 

of the machined sample presented in Figure 4.9. It was also observed that the microhardness 

values obtained from the M + HSP and M + LSP samples are similar, and have a 14% 

hardness increase as compared to the value measured after machining. The hardness values 

of the M + HSP and M + LSP samples indicated that the SP intensity does not have a 

significant impact on the surface hardening. The difference in the hardness increase 

percentage between the as-built and machined surfaces after SP showed that the original 

surface texture significantly affects the SP surface hardening. The in-depth microhardness 

profile of the studied samples under different SP conditions is illustrated in Figure 4.10. 

The results showed a significant increase in hardness due to the work hardening effect 

applied during SP. That increase started from the layers under the surface (165 HV) and 

gradually decreased towards the inside of the sample until reaching a stabilized value of 

119 HV at a depth of 350 µm. The trend of the hardness evolution obtained after SP is 

related to the strain and strain rate applied to the sample surface, which is in good agreement 

with the results reported by Bagherifard et al. [28]. 
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Figure 4.10. The in-depth microhardness profile of the AlSi10Mg samples under various 

SP conditions. 

 

Table 4.5. Surface microhardness of the AlSi10Mg samples under various conditions. 

Surface AB AB + SP M M + HSP M + LSP 

Microhardness (HV) 120 154 128 147 145 

 

Figure 4.11 shows the average residual stresses that were measured on the as-built 

and machined surfaces before and after SP using XRD. The as-built sample showed low 

values of residual stresses (7.7 ± 5 MPa) due to preheating the build platform to 200 °C 

before starting the SLM process, and thus reducing the thermal gradient between the build 

layers [6]. High compressive residual stresses reached −152.5 ± 7 MPa on the SP surfaces, 

as compared to the values obtained for the as-built surface. The compressive residual stress 

increase is related to the severe stress concentration applied to the sample surface using the 

glass beads. A slight difference in residual stresses was observed due to the utilization of 
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different Almen intensities, as shown in Figure 4.11. However, similar residual stresses 

were detected from the AB + SP and M + HSP samples, which proved that the surface 

textures used do not have a considerable effect on residual stress development. The 

compressive residual stresses generated could reduce the propagation and initiation of 

surface cracks, and result the improvement of the material fatigue strength [15]. 

 

Figure 4.11. The impact of SP on the normal residual stress on the AlSi10Mg sample 

surface. 

The in-depth residual stress profile displayed in Figure 4.12 shows a comparison 

between the stress behavior of both as-built and shot-peened samples. A significant 

increase in compressive residual stresses was observed, as compared to values obtained 

from the as-built sample. For the AB + SP sample, an initial compressive stress of −155 ± 

7 MPa was detected beneath the surface, which started to increase and reached a maximum 

value of −170 ±7 MPa at a depth of 90 µm. This was followed by a gradual decrease until 
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reaching a similar residual stress, as detected in the as-built sample at a depth of 450–500 

µm. The results obtained from the residual stresses analysis are in good agreement with the 

results trend reported by Bagherifard et al. [28]. 

 

Figure 4.12. The in-depth residual stress profile from the AlSi10Mg sample surface. 

 

4.4 Summary and Conclusions 

SP was applied to as-built and machined surfaces of additively manufactured 

AlSi10Mg samples fabricated using the SLM process. The influence of SP on the surface 

topography, microstructure characteristics, hardness, and residual stresses of the AlSi10Mg 

samples was investigated. Several conclusions are presented: 
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1. SP is an effective tool to eliminate the surface defects generated on the surface of 

AlSi10Mg as-built parts. However, the waviness error of the SP surface showed 

relatively higher values than those obtained from the as-built surfaces. In general, the 

quality of the SP surface might not be achieved by optimizing the SLM process 

parameters to the limitations of the current machines.  

2. The surface roughness improvement showed similar values after the SP of the as-built 

and machined surfaces using a 22.9 A intensity and Gp165 glass beads (high-intensity 

SP). However, microcracks were detected on the shot-peened machined surface, which 

could affect its mechanical properties.  

3. The use of the 20.3 N Almen intensity and Gp50 (low-intensity SP) resulted in a better 

surface finish and the elimination of microcrack formation in the machined SP surface. 

However, the effective depth using the high-intensity SP was deeper for both the as-

built and machined surfaces.  

4. A significant microstructure refinement was observed after SP due to the high-pressure 

waves applied to the sample surface. These pressure waves resulted in the breaking up 

of the fibrous Si network of the as-built structure, followed by the dynamic 

precipitation of nanoscale Si particles. 

5. After SP, a considerable surface hardening was measured on the top surface of both 

the as-built and machined samples. The as-built shot-peened surface showed the 

highest microhardness value of 154 HV. The microhardness in-depth profile indicated 

a gradually decreased hardness until it reached the as-built values of 119 HV at a 350-

µm depth from the surface.  
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6. Relatively high compressive residual stresses were detected on the shot-peened 

surfaces. The in-depth profile of residual stresses showed the maximum value of 

compressive stress to be −170 ± 7 MPa at a 90-µm depth. Then, the compressive 

stresses gradually decreased and reached the average values obtained from the as-built 

parts at 450–500 µm. 

7. In general, the SP of the as-built AlSi10Mg surfaces resulted in the elimination of the 

surface defects, microstructure refinement, surface hardening, and the application of 

high compressive stress into a specific depth from the sample surface. This could lead 

to an improvement of the mechanical properties and fatigue strength of the sample 

surface, and thus might satisfy the requirements of some critical parts in the industrial 

field.  
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Clarification points: 

This chapter analyzed the effect of friction stir processing (FSP) on the 

microstructure and hardness of the as-built and hot isostatic pressed (HIPed) AlSi10Mg 

samples.  

The hardness map demonstrates the effect of FSP on the microstructure and 

microhardness. The data integration and processing steps outlined in this study can be used 

to select FSP process parameters, thus satisfying part requirements and facilitating the 

successful machining of parts after FSP, where surface integrity and hardness are essential 

characteristics. 

In conclusion, FSP can be applied as a localized surface treatment for additively 

manufactured AlSi10Mg parts; and could thus preserve dimensional accuracy of the part 

geometrical features separate from the FSP zone. FSP can also affect a larger depth 

compared to other surface treatment techniques such as shot peening. 
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Friction Stir Processing of AlSi10Mg parts produced by 

Selective Laser Melting 

 
Ahmed H. Maamoun1), Stephen C. Veldhuis 1), Mohamed Elbestawi 1) 

 
                         1)McMaster University, 1280 Main Street West Hamilton, ON, Canada, L8S 4L7   

Abstract 

The additive manufacturing (AM) of aluminum alloys promises a performance 

enhancement of lightweight parts produced using Selective Laser Melting (SLM). Post-

processing for AM parts produced using SLM is often an essential step homogenizing their 

microstructure and reducing as-built defects. In this study, friction stir processing (FSP) 

was used as a localized treatment on a large surface area of AlSi10Mg parts using multiple 

FSP tool passes. The influence of FSP on the microstructure, hardness, and residual stresses 

of both as-built and hot isostatic pressed (HIPed) parts were investigated. FSP transforms 

the microstructure of parts into an equiaxed grain structure.  Microstructure 

homogenization was achieved consistently over the processed surface after applying a high 

ratio of tool pass overlap ≥ 60%. FSP of the as-built sample results in the breaking up of 

the fibrous Si network into nano-scale particles, leading to a more homogeneous 

distribution of nano-scale Si particles with a subsequent microhardness increase as 

compared to the HIP+FSP sample. The normal residual stresses measured on the FSP+as-

built surface are lower, as compared to the HIP+FSP surface. A microstructure and 

hardness map was prepared to assist in selecting the optimum FSP parameters needed to 
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achieve the required quality of the final processed parts. This study concludes that FSP 

could be used as a localized surface treatment to improve the microstructure of both as-

built and HIPed AlSi10Mg parts fabricated using SLM. 

Keywords:  

Additive Manufacturing; Selective Laser Melting; AlSi10Mg; Friction Stir Processing; 

Surface treatment; Ultra-precision machining. 

5.1 Introduction 

The production of accurate, efficient, and lightweight functional parts is considered 

to be a primary target for most industrial applications. A hybrid manufacturing (HM) 

process which combines Additive Manufacturing (AM) and Ultra-precision machining can 

play an essential role in achieving this goal for a range of high-performance optical 

components. HM offers design flexibility for the final functional part fabricated and also 

meets the high-quality requirements for these demanding applications. However, post-

processing treatments need to be included in the production process to prepare the as-built 

parts fabricated through the Selective Laser Melting (SLM) process to achieve consistent 

results after ultra-precision machining. Applying post-processing techniques on these parts 

results in a reduction of microstructure anisotropy, and also reduces the material defects 

initially produced by the SLM process, as presented by Sames et al. (2016). Different post-

processing techniques can be applied to the as-built parts, such as thermal post-processing 
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and surface treatments like FSP or shot peening. The selection of the post-processing 

technique ultimately depends on the part design requirements and its characteristics, as well 

as the ability to carry the cost of the process. For example, thermal post-processing can be 

applied to relieve the residual stresses and homogenize the microstructure, as reported by 

Maamoun et al. (2018). Ma et al. (2014) showed that the mechanical performance of AlSi20 

could be tuned and optimized by applying thermal post-processing. Sames et al. (2016)  

also presented that heat treatment has a significant impact on reducing the porosity of the 

parts produced using SLM. However, for a specific functional part, the dimensional 

accuracy of AM parts can be negatively affected by thermal post-processing, as illustrated 

by Patterson et al. (2017). The processing cost also increases with each post-processing 

treatment, especially for those involving long treatment cycles, as stated by Ma et al. 

(2006a). Shot peening also can be used as a post-processing step to improve the surface 

integrity, microstructure, and mechanical properties of the AlSi10Mg as-built surfaces as 

reported by (A. Maamoun et al., 2018). However, the effective depth of shot peening (100-

200 µm) might not be sufficient to cover the depth of cut required for the conventional 

machining process.     

The Friction Stir Processing (FSP) technique is commonly used for the surface 

treatment of cast alloys to modify the microstructure characteristics of a localized area on 

the part surface, as presented by (Ma et al. (2006a). This technique was developed based 

on the concept of Friction Stir Welding (FSW), which is used to form a solid-state joint 

often involving unweldable soft materials, as stated by  Ma et al. (2010). The FSP concept 
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involves inserting a pin with a shoulder on a rotating tool to a specific depth inside a single 

part and moving it with a traverse speed along the desired pass, as reported by Ma et al. 

(2006a). Mishra and Ma (2005) reported that FSP could be used to reduce casting porosity 

and to improve the mechanical properties of components by refining their microstructures. 

Previous studies showed that FSP could be applied to the Al-cast alloys to achieve 

considerable microstructure refinement, generating a fine equiaxed grain structure by 

implementing a severe plastic deformation, as reported by Su et al. (2005). During FSP, the 

heat generation rate and material flow are influenced by the FSP process parameters. These 

parameters include the tool geometry, tool tilt angle, tool rotation speed, traverse speed and 

target depth, as presented by (Mishra and Ma, 2005). Mishra and Ma (2005) also stated that 

the FSP tool is not only responsible for material flow along the tool pass, but also generates 

significant heat in the workpiece and tool. The FSP tool performance depends on both the 

selected tool material and its geometry, as illustrated by De Jesus et al. (2014). The tool tilt 

angle has to be chosen within a range of 1˚ to 3˚ off perpendicular to the surface, tilting 

back away from the surface to increase the heat generated and to apply sufficient 

compression on the part surface during FSP, as reported by Tolephih et al. (2013). Krishna 

et al. (2014) observed that the tool tilt angle can significantly improve material strength and 

prevent void formation. Ma et al. (2010) investigated the effect of FSP tool rotation speed 

on the grain size modification of Mg-Al alloys. Their results showed that a significant 

microstructure refinement, and the highest microhardness, was obtained under a 500 rpm 

rotational speed and 100 mm/min traverse speed. Moreover, a higher consistent 

microhardness profile was achieved within the stirred area at a rotational speed of 1000 
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rpm. Ma et al. (2006) also investigated the effect of FSP parameters on the microstructure 

development of an AlSi7Mg (A356) cast alloy. Their results indicated that the higher tool 

rotational speed led to the refinement of the Si particles and a reduction in porosity, thus 

resulting in a strength increase. Chainarong et al. (2014) showed that the ratio between the 

FSP tool rotation speed and its traverse speed has to be considered to control the resultant 

hardness when applied to Al alloys. Their results illustrated that microstructure refinement 

could be obtained even at high rates of tool rotation, in addition to the breakup of the coarse 

eutectic particles. Baruch et al. (2016) studied the effect of FSP on the mechanical 

properties and microstructure of an Al-7Si-3Cu die-cast Al alloy. They showed that the 

increase of the FSP 100% overlap passes resulted in a significant refinement and 

homogeneous distribution of fine equiaxed Si particles in the Al matrix instead of Al 

dendrites and the Si eutectic phase of the as-cast material. Their results also showed an 

increase of the ultimate tensile strength and ductility after applying FSP to the as-cast part. 

Conversely, El-Rayes and El-Danaf (2012) reported that implementing FSP with three 

100% overlap passes on the 6082-T651 Al alloy resulted in an increase of the grain size 

inside the stirred zone, more dissolution, and the precipitation of smaller second phase 

particles due to the accumulated thermal energy. They also showed that the dynamic 

recrystallization of the grain size inside the stirred zone is more dependent on the number 

of passes than the traverse speed. Su et al. (2005) studied microstructure development after 

FSP of the 7075-T6 Al alloy. They showed different mechanisms of the microstructure 

evolution along the process stages, starting from discontinuous dynamic recrystallization 

with grain growth up to the formation of additional dislocations and recrystallized grains 
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inside the stirred zone. For the as-cast AlSiMg alloy, Ma et al. (2006) illustrated that the 

microstructure evolution mechanism during FSP could not be described as an extrusion 

process, as Reynolds (2000) and Krishnan (2002) suggested. They supported their claim by 

the formation of submicron equiaxed grains with a homogeneous distribution after FSP 

which cannot be achieved through the extrusion process. Du et al. (2016) reported the effect 

of adding carbon nanotubes (CNTs) to the AlSi10Mg powder on the microstructure and 

microhardness of parts fabricated through SLM, and post-processed using FSP. Their 

results showed that the addition of CNTs to AlSi10Mg resulted in a hardness increase for 

the as-built parts followed by a significant decrease after FSP due to the dissolution of 

precipitates and breaking up of the fine dendritic network. In addition, FSP of the 

AlSi10Mg-CNTs composites dispersed the CNTs and achieved grain refinement and 

porosity reduction. However, their study did not cover the effect of FSP on the 

microstructure and hardness of the as-built AlSi10Mg parts.  

The hot isostatic pressing (HIP) process is a thermal post-processing technique that 

can be used to close the internal pores and cracks associated with AM parts. The HIP 

process can be applied to AM components to increase density and fatigue life, as shown by 

Tillmann et al. (2017) for  IN718 components, and for AlSi10Mg parts, as reported by 

Rosenthal et al. (2015). However, the grain structure may be significantly changed, and the 

open pores at the surface can lead to the formation of oxides under HIP processing 

conditions, as presented by Sames et al. (2016). This, along with the high cost of the process, 
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suggests that HIP should only be implemented when justified, considering the limitations 

associated with surface oxidation issues and the potential for dimensional changes. 

In general, the previous studies showed a microstructure refinement by applying 

FSP on Al- alloys. Thus FSP can improve the materials’ fatigue and corrosion resistance 

as investigated by Ma et al. (2006 a,b) for ASi10Mg cast materials, Chen et al. (2015) for 

Al6061, and Surekha et al. (2008) for Al2219. However, these studies did not deal with the 

effect of FSP on as-built AlSi10Mg, or HIPed parts fabricated through SLM.  

This study considers HIP and FSP, and focuses on applying them to optimize the 

production process of lightweight optics and optomechanical components using a Hybrid 

Manufacturing approach involving SLM and ultra-precision machining. During this study, 

AlSi10Mg powder is used to fabricate samples using the SLM process. A comprehensive 

study of the FSP effect on the microstructure evolution, microhardness, and the residual 

stresses of as-built and HIPed AlSi10Mg parts is presented. The study aims to investigate 

the influence of FSP as a localized surface treatment technique in avoiding the defects 

obtained in the as-built parts in addition to improving the microstructure homogeneity. 

This, in turn, will help in achieving consistent mechanical properties and homogeneous 

surface integrity, and thus could control the surface defects and flaws opened when the 

surface is machined. 

The experimental work will present an evaluation of the friction stirred as-built and 

HIPed AlSi10Mg microstructure homogeneity, hardness evolution, and residual stresses 
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after FSP. The effect of the tool pass overlap will be presented. A microhardness map has 

been developed for different FSP conditions. The map identifies various microstructures 

that can be developed after the localized surface treatment of AlSi10Mg parts. 

5.2 Experimental procedure  

Gas atomized AlSi10Mg powder was used to fabricate the samples via the SLM 

process. The spherical shape of the powder particle was determined using SEM, and the 

particle size distribution showed a range from 2 to 70 µm. The powder characterization of 

the powder used in this study was performed according to ASTM F3049-14 and presented 

in (A. Maamoun et al., 2018). The powder chemical composition was measured using 

energy dispersive X-ray spectroscopy (EDS) as listed in Table 5.1. An EOS M290 machine 

was used to fabricate the as-built AlSi10Mg samples 50 mm in diameter and 15 mm in 

thickness, as shown in Figure 5.1(b). The parameters for the SLM process, listed in Table 

5.2, are selected as reported by (A. H. Maamoun et al., 2018). The build process was 

performed under an argon gas medium to keep the oxygen content less than 0.1%, and to 

avoid oxide formation during the melting process. The build platform was preheated to 200 

˚C before starting the build process to reduce residual stresses along the building direction 

by controlling the thermal gradient, as illustrated by (A. H. Maamoun et al., 2018).   

Table 5.1. The weight% of the AlSi10Mg powder chemical composition measured using EDS  

 

Si Mg Fe Cu Sn Pb Zn Al 

10.58 0.37 0.41 0.08 0.05 0.05 0.04 Balance 
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Table 5.2.  Processing parameters for the SLM process of the AlSi10Mg samples  

Laser 

power (W) 

Scan speed 

(mm/s) 

Hatch Spacing 

(mm) 

Layer orientation 

angle (˚) 

Layer 

thickness (µm) 

Scan Strategy 

370 1300 0.19 67 30 Stripes  

 

 

Figure 5.1: a) FSP tool shape, b) As-built AlSi10Mg sample, c) FS sample, d) Different 

overlaps of FS Passes on the HIPed sample, and e) the rough machined surface of the FS 

sample. 

 

A group of AlSi10Mg as-built samples was post-processed using HIP by applying high 

pressure (100 MPa) and temperature (500˚C/4hr) according to ASTM F3301−18. The 

parameters of the HIP process were selected as previously recommended by Nyahumwa et al. 

(2001) for Al7SiMg and by Topping et al. (2013) for AA 5083. The FSP was performed using 

a Mori Seiki NMV1500 DCG machine equipped with a 20.7 HP spindle. The FSP parameters 

are listed in Table 5.3. They were selected based on the results reported in previous studies for 
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the FSP/ FSW for AlSi alloys, by Chainarong et al. (2014) for SSM356 aluminum alloy and by 

Rodrigues et al. (2009) regarding AA 6016 T4. Figure 5.1(a) shows the shape of the FSP high-

speed steel tool that was designed and manufactured with a tapered pin shape, according to the 

parameters listed in Table 5.3. The FSP was applied to the AlSi10Mg HIPed sample over a 30 

mm x 20 mm surface area using parallel tool passes with a 60% overlap, to investigate its impact 

on the microstructure, as shown in Figure 5.1(c). FSP was also applied to another AlSi10Mg 

HIPed sample under various tool pass overlaps starting from 22% up to 100%. Figure 5.1(d) 

shows the tool overlap passes after FSP. Each tool pass begins from the perimeter of a 50 mm 

disc diameter and ends at the disc centre with a total of 16 passes. The friction stirred part 

surface is first rough machined to remove the excess material, as shown in Figure 5.1(e). Two 

small cross-section samples were wire cut from the FSP sample, as indicated in Figure 5.1(e), 

to study the influence of the tool pass overlap on the microstructure at a 90% and 25% overlap. 

The second part of the study focuses on analyzing the FSP impact on the as-built AlSi10Mg 

samples using parallel passes with a 90% tool pass overlap on a 40 mm x 40 mm surface area. 

Table 5.3 The selected FSP parameters and tool geometry  

 

The microstructure of the prepared samples was investigated using a Nikon Optical 

Microscope LV100 and a TESCAN VP Scanning Electron Microscope (SEM) equipped 

with Energy Dispersive X-ray Spectroscopy (EDS). The polishing procedures were tuned 

Tool 

rotation 

speed 

(rpm) 

Traverse 

speed 

(mm/min) 

Tool 

tilt 

angle 

(˚) 

Tool 

shoulder 

diameter 

(mm) 

shoulder / 

Pin dia ratio 

Pin 

shape 

1750 160 3 9.5 3 : 1 Tapered 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

213 

 

and applied to the AM AlSi10Mg samples, and Weck’s reagent (100ml H2O, 4 g KMnO4 

and 1 g NaOH) was used for the etching process, as presented by Maamoun et al. (2018).  

An analytical comparison of EDS elemental mapping was developed for different FSP 

conditions. The phase analysis and the residual stresses were measured using X-ray 

Diffraction (XRD) with a Bruker D8 DISCOVER and a DAVINCI design diffractometer 

equipped with a cobalt sealed tube source. The residual stresses were measured using XRD 

equipped with a Vantec500 area detector through 3 Psi scans with Phi at 0deg, 90deg, and 

225deg over a range of Psi scans from 10 to 70 degrees with a 20˚ step size. The results 

were analyzed using LEPTOS software. The microhardness measurements were performed 

using a Clemex CMT microhardness tester. Each microhardness value was registered 

according to the average of 5 indentations along the tested area under a 200 gf load for a 

10 s dwell time. 

5.3 Experimental Results 

5.3.1 Influence of FSP on the microstructure of HIPed and as-built 

AlSi10Mg parts 

The microstructure of as-built, HIPed, and friction stirred (FS) AlSi10Mg samples 

was investigated along both the building direction (Z direction) and the parallel direction 

to the deposited layers (XY plane). As shown in Figure 5.2(a), the as-built microstructure 

along the Z direction has ultrafine elongated columnar grains of the Al matrix surrounded 

by a fibrous Si network. Figure 5.2(b) shows that HIP results in a coarse microstructure 

that has a larger Al matrix grain size and Si particles due to the decomposition of the as-
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built Si network. Figure 5.2 (b, c, d) shows that FSP of the HIPed sample results in a 

subsequent grain refinement achieves a homogeneous microstructure of equiaxed grains. 

This is significantly observed by comparing the images scale.  

 
Figure 5.2: Microscopic observations along the cross-section of the AlSi10Mg sample: a) 

As-built, b) HIPed, c) FS and HIPed zones, d) FS zone of the HIPed sample. 

The SEM observations of the HIPed sample in Figure 5.3(a, b) clearly illustrates the 

decomposition of the fibrous Si network that occurred due to the high temperature and pressure of 

the HIP process. Furthermore, the Si particles grew into large separate particles of up to 1-3 µm size 

around the enlarged Al matrix grains (5µm average size). HIP also results in pore size reduction, ≤ 

2µm, and the elimination of keyhole pores. The size of keyhole pores associated with the AlSi10Mg 

as-built samples could exceed 30 µm, as illustrated by (Yang et al., 2018). Figure 5.3(c, d) shows 

that a significant microstructure refinement takes place after the FSP of the HIPed sample using a 
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60% tool pass overlap. The average grain size of the Al matrix is reduced to 3µm due to the dynamic 

recrystallization and fragmentation of Si particles (average size of 1µm). 

 

Figure 5.3: SEM observations along the Z-direction for the AlSi10Mg sample: a, b) 

HIPed structure; c, d) FS structure. 

The optical microscope observations shown in Figure 5.4(a, b), indicate a considerable 

reduction in void size inside the friction stirred area as compared to the HIP zone. Figure 5.4(c) 

shows that, after FSP of the HIPed sample, the melt pool borders disappear along the XY plane as 

compared to that are noticed in the HIPed area. A break up of the oxide particles is also observed 

along the XY plane after the FSP, which could reduce the adverse effects of oxide particles existence 

on the part quality. Figure 5.4(d) shows pores accumulated in a straight line, which may be formed 

along the FSP tool pass border-line, and that may have resulted from expelling existing pores away 
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from the rotating tool pin to the pass border due to the centrifugal force generated. Based on the 

material flow around the tool pin during FSP, fine and coarse Al matrix grain zones are observed, 

as shown in Figure 5.4(e, f). 

 
Figure 5.4: Pore size comparison between a) FS, and b) HIPed zones, c) Influence of FSP 

on the melt pool shape and oxide particles, d) Pore formation along the border of the FS 

tool path, e, f) various grain size areas that were formed inside the FS zone. 
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Figure 5.5 illustrates the effect of FS tool pass overlap on the microstructure 

developed at a 25% and 90% overlap percentage. A significant refinement was achieved 

after FSP of the HIPed sample under both of the tool pass overlaps. As shown in Figure 

5.5(b), the 90% tool pass overlap resulted in an equiaxed recrystallized grain structure. For 

the 25% tool pass overlap, slightly elongated grains are observed; however, the average 

size of the Si particles is not affected by the amount of tool pass overlap as illustrated in 

Figure 5.5(c). SEM observations in Figure 5.6(a, b) illustrate the complete dynamic 

recrystallization of the Al matrix phase into 3-4 µm equiaxed grain size at 90% tool pass 

overlap. Figure 5.6(c, d) shows a formation of incomplete recrystallized Al matrix grains 

with a relatively large size at a 25% tool overlap reaches 4-6 µm. 

 

 
Figure 5.5: The effect of the FSP tool path overlap on the microstructure of AlSi10Mg 

sample: a) HIPed, FSP at various tool path overlap percents b) at 90%, and c) at 25%. 
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Figure 5.6: SEM images of the HIP+FSP AlSi10Mg sample microstructure at high and 

low tool path ovelap percents: a) high, and b) low magnification at 90%; and c) high, and 

d) low magnification at 25%. 

Figure 5.7(a) illustrates the FSP depth applied on the AlSi10Mg HIPed sample at a 

90% tool pass overlap from the sample surface. This effective depth has an almost 

consistent profile due to the use of high tool pass overlap. FSP was also applied to the as-

built AlSi10Mg sample using a 90% tool pass overlap. An equiaxed structure with 

recrystallized grains develops inside the FS zone, and the melt pool shapes completely 

disappear, as shown in Figure 5.7(b, c). The microstructure inhomogeneity inside the as-

built microstructure along different orientations, as illustrated in Figure 5.8(a-e), shows that 

FSP results in the transformation of the as-built microstructure into a recrystallized grain 

structure that occurs from the disintegration or breaking of the fibrous Si network into 
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homogeneously distributed small Si particles. Figure 5.8(e, f) also shows nano-scale Si 

particles (300-500 nm) embedded in 1-3 µm Al matrix grains. 

 

Figure 5.7: The effect of the FSP of AlSi10Mg sample; a) effective depth of FSP on the 

HIPed sample, b) as-built melt pool borders and the FS zone, c) The recrystallized grain 

structure after the FSP of the as-built sample. 

 

Figure 5.8: The effect of FSP on the microstructure of the as-built AlSi10Mg sample 

along the Z-direction and XY plane; a, b, c) as-built microstucture, d, e, f) as-built + 

FSPed microstructure. 
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Figure 5.9 shows the EDS elemental mapping of AlSi10Mg which illustrates the 

effect of FSP on the homogeneity of the Si particle distribution under different processing 

conditions. The as-built sample with the fibrous Si network, Al, and Mg is illustrated in 

Figure 5.9(a). In Figure 5.9(b), the EDS results are changed after applying HIP. The 

microstructure shows the inhomogeneous distribution of large Si particles and a small spot 

of Mg particles. In Figure 5.9(c), FSP+HIP results in a smaller reduction in the Si particles’ 

size than that obtained after HIP. Si particles also showed a similar distribution, in addition 

to a larger collection of Mg particles. Figure 5.9(d) shows the microstructure of the as-built 

sample after FSP and represents more homogeneous distribution of nano-scale Si particles.  

Figure 5.10 shows a comparison of XRD phase patterns of Al and Si peaks along 

the XY plane for As-built, HIPed, and FSP AlSi10Mg samples. The expanded views 

illustrate the significant increase in Al and Si peak broadening and intensity for the HIPed 

sample before and after FSP, as compared to the values obtained from the as-built sample. 

For the Al (200) peak, a relative variation in peak intensity is noticed due to the difference 

of the preferred grain orientation for each case. The peak broadening difference shown is 

attributed to the change in the Al matrix crystal size. For the Si (220) peak, similar peak 

intensity and broadening are observed for the HIPed sample before and after FSP, as 

compared to the much lower peak intensity and wide broadening obtained for the as-built 

sample. The Si peak change indicates the increase in Si crystal size, in addition to the 

solubility change of Si in the Al matrix after the HIP and FSP of the as-built AlSi10Mg 

sample. The analysis of the full width at half maximum (FWHM) of Al and Si peaks is 
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presented in Table 5.4. After applying HIP and FSP, a slight decrease in the FWHM of Al 

peaks is detected, as compared to the values measured for the as-built sample. Conversely, 

a rapid reduction in the FWHM of Si peaks is noticed after HIP and FSP, which refers to 

an increase in the Si crystal size. 

 
Figure 5.9: The EDS elemental mapping for the AlSi10Mg samples, a) As-built, b) 

HIPed, c) HIP+FSP, and d) as-built+FSP. 
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Figure 5.10: Phase pattern comparison for the as-built, HIPed, and FSP AlSi10Mg 

samples along the XY plane. 

 

Table 5.4. The average FWHM of Al and Si peaks of the as-built, HIPed, and FSP samples 

Sample As-built HIPed  HIP+ FSP As-built+ FSP 

FSP tool pass overlap --- --- 25% 60% 90% 90% 

Al (200) FWHM (deg.) 0.2934 0.1975 0.2121 0.1903 0.1981 0.1978 

Si (220) FWHM (deg.) 1.3751 0.1870 0.2262 0.1870 0.1890 0.2694 

 

 

Table 5.5 presents the weight percentage of Al and Si according to the Rietveld 

analysis of the XRD phase patterns, and the change of Si particle size under different 

conditions. Based on the results of the as-built sample, the solubility of Si inside the Al 

matrix decreases for the HIPed and HIP+FSP samples, and thus results in a higher weight 
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percentage of Si. The FSP of the as-built sample increases the Si solubility, resulting in a 

lower weight percent of Si. 

Table 5.5. The change of average Si particle size and relative weight percentage of Al and Si 

for as-built, and HIPed AlSi10Mg parts before and after FSP 

Measured parameter As-built 

 

HIPed HIP+ FSP As-built+ FSP 

25% 60% 90% 

Si particle size (µm) - 1 - 3 1 0.3 - 0.5 

Al matrix grain size (µm) 0.5-2 5-8  4-6 3-4 3-4 1-3 

Si wt.% 8.8 12.75 12.57 11.26 12.05 6.4 

Al wt.% 91.2 87.25 87.43 88.74 87.95 93.6 

 

5.3.2 The effect of FSP on microhardness and residual stresses for 

AlSi10Mg 

The change in the normal residual stresses was evaluated at three different locations 

for each of the samples obtained from the as-built, HIP, and those subjected to FSP. The 

as-built surface experienced small values of residual stresses: 7.7±5 to -6.4±5 MPa due to 

preheating the platform before starting the building process. After applying HIP on the as-

built sample, compressive residual stresses were generated within a range from -175±30 to 

-98±30 MPa. FSP+HIP resulted in a further reduction of the compressive stresses from -

93.3±20 to 20.1±25 MPa, while applying FSP on the as-built sample resulted in tensile 

stresses within the range of 32.4±10 to 38.9±10 MPa. 

The microhardness values presented in Table 5.6 show the changes in hardness at 

different tool pass overlaps. The results indicates a significant reduction in microhardness 

(up to 60%) after applying HIP on the as-built parts from 120 HV to 46 HV. There is a 
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small change in microhardness after the FSP of the HIPed sample, without any noticeable 

difference for both low and high tool pass overlaps. After FSP of the as-built sample, 

microhardness decreases by 40% after applying the high tool pass overlap. Figure 5.11 

shows the FSP effect on the microhardness profile along the Z-direction of the as-built and 

HIPed samples. The impact of FSP extended up to a depth of 3 mm below the surface. The 

microhardness values of the as-built + FSP samples are significantly higher than those of 

the FSP+HIP samples. 

Table 5.6. The average microhardness for the as-built, and HIPed AlSi10Mg samples along 

the building direction, before and after the FSP  

Sample  As-built HIPed  HIP+ FSP As-built+ FSP 

FSP Tool pass overlap -- -- 25% 60% 90% 90% 

Microhardness (HV) 120 46 50 53 52 71 

 

Figure 5.11: Influence of the FSP on the micro-hardness profile of the as-built and HIPed 

AlSi10Mg samples along the Z-direction from the bottom to the top surfaces. 
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Figure 5.12 summarizes the influence of FSP on the microstructure and 

microhardness changes in the as-built and HIPed AlSi10Mg samples. The mapping shows 

the as-built microstructure characterized by the Al matrix grains surrounded by a fibrous 

Si network, and the corresponding microhardness of 97 to 120 HV that is affected by 

microstructure inhomogeneity. The microstructure changes after HIP into large Al matrix 

grains and Si particles resulting in a significant hardness reduction to 46 HV. The change 

in microstructure after the FSP of the HIPed sample shows a considerable microstructure 

refinement and a small increase in microhardness to 52 HV. However, the FSP of the as-

built sample results in a fine and homogeneous microstructure, and a higher microhardness 

of up to 71 HV, as compared to the HIP+FSP samples. 

 

Figure 5.12: Microhardness and microstructure map of the effect of FSP on the additively 

manufactured AlSi10Mg parts under various conditions. 
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5.4 Discussion 

5.4.1 Microstructure 

As-built, HIPed, and FSP samples have different mechanisms associated with their 

microstructure formations. The as-built microstructure develops according to the particle 

accumulated structure (PAS) formation mechanism, as demonstrated by Prashanth and 

Eckert (2017). This mechanism considers that, during the SLM process, the Al matrix 

grains start to solidify as Al has a lower melting temperature. Then, the Si is ejected out 

and is consolidated around the Al matrix forming a fibrous network under a high cooling 

rate of 106-108˚C/s. For the HIP sample, the microstructure transforms to coarse Al matrix 

grains surrounded by separated Si particles due to the decomposition of the Si network. The 

Si solubility inside the Al matrix decreases after HIP, resulting in a higher percentage of Si 

content as presented in Table 5.5. This is in agreement with the results reported by Li et al. 

(2016) and Maamoun et al. (2018) regarding the thermal post-processing of AlSi10Mg. 

The microstructure change after HIP is similar to the solution heat treatment (SHT) 

mechanism, and thus could lead to a significant hardness reduction and ductility increase, 

as reported by Takata et al. (2017). The HIP+FSP sample develops a fine recrystallized 

grain structure due to the impact of recovery and dynamic recrystallization after the 

thorough mixing of the material along the FSP pass, as reported by Mishra and Ma (2005). 

The recrystallized microstructure after FSP results from extensive plastic deformation 

occurring due to the applied thermomechanical cycles, as stated by McNelley et al. (2008).  
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A different mechanism of microstructure change is observed after the FSP of the 

as-built samples. According to Figures 5.7 and 5.8, the columnar elongated Al matrix grains 

and the Si network structure are recrystallized into homogeneously distributed equiaxed 

grains. The size of the Si particles obtained (0.3-0.5 µm) is significantly smaller than that 

obtained after the FSP of the HIPed sample (1 µm).  The as-built + FSP sample shows a 

more homogeneous structure and a uniform distribution of nano-scale Si particles than the 

HIP+FSP sample, as shown in Figure 5.9. According to the microstructure images shown 

in Figures 5.6 and 5.8, the darker lines observed in the as-built+FSP microstructure are 

indicative of the existence of higher angle boundaries (misorientation angle > 15˚), as 

compared to the HIP+FSP microstructure. This explanation is in agreement with the results 

reported by McNelley et al. (2008). This difference in grain boundaries orientation might 

occur in the areas that are away from the rotating tool pin during FSP. The inhomogeneity 

of material flow resulted in different grain size zones, as shown in Figure 5.4(e, f). This 

may depend on the distance from the tool pin pass and the effect of the tool rotation 

direction as compared to the traverse speed direction, as illustrated by Lathabai et al. 

(2009). Accordingly, effect of tool pass overlap should be considered to be an essential 

parameter for achieving microstructure homogeneity by generating consistent material 

flow during FSP. 

FSP processing of AM AlSi10Mg parts could be applied on large surfaces using 

multi-pass FSP. Tool overlap is an important factor for obtaining a homogeneous 

microstructure over the processed surface. It is found that a 25% tool pass overlap is not 

enough to achieve complete recrystallization of the grains, as shown in Figure 5.6(c, d). 
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However, the higher tool pass overlaps of both 60% and 90% resulted in homogeneous 

equiaxed recrystallized grains, as shown in Figure 5.3(c, d), and Figure 5.6(a, b). Thus a 

high tool pass overlap is recommended (not less than 60%), which is in agreement with the 

study reported by Ma et al. (2006b). The multi-high pass tool overlap could cover a wide 

surface area, and the resulting microstructure transformation into a homogeneous refined 

structure is in agreement with the results reported by Su et al. (2005).    

It is worthwhile to note that, in contrast to thermal post-processing, no precipitates 

of Mg2Si or Al5FeSi were observed in the microstructure after FSP for both HIPed and as-

built samples. That could result from the heat generated during the FSP thermal cycle which 

does not assist in growing these precipitates as they can be dissolved into the Al matrix, as 

stated by Ma et al. (2006a).  

The keyhole pores can hardly be noticed inside the microstructure of the HIPed 

sample, as shown in figure 5.3(a). In addition, a significant reduction in the spherical pore 

size is observed, as compared to those that are formed in the as-built sample, which might 

exceed 30 µm in size for keyhole pores, as investigated by Yang et al. (2018). The HIP 

should increase the density of parts by decreasing the size of pores in proportion to the 

applied pressure and temperature, as reported by Brummer et al. (2010). However, 

HIP+FSP shows more reduction in the pore size existed, as illustrated in Figure 5.4(c, d). 

This confirms the advantage of applying FSP on the additively manufactured AlSi10Mg 

samples, and that is in agreement with the trend reported for the effect of FSP on the cast 

by (Ma et al. (2006a) and that presented by Krishnan (2002) of the Al wrought materials.  
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5.4.2 Crystal size and Si solubility inside the Al matrix 

The Al and Si diffraction peaks were confirmed using the JCPDS patterns of 01-

089-2837 and 01-089-5012, respectively. According to Scherrer’s equation, as presented 

by Langford and Wilson (1978), peak broadening varies inversely with crystallite size. The 

difference in broadening and intensity of Al and Si peaks in Figure 5.10 indicates a change 

in crystal size under different conditions. The expanded views, at the Si (220) and Al (200) 

peaks, indicate that the smallest crystal size for Al and Si crystals occurs for the as-built 

sample as compared to HIPed, and HIP+FSP samples. The slight increase of Al peak 

broadening after the FSP of the HIPed material is indicative of the decrease in crystal size, 

and thus highlights microstructure refinement. The similar Si peak intensity between the 

HIPed and HIP+FSP samples indicates the same crystal orientation, which is in agreement 

with the results reported by Du et al. (2016). The value of the FSP tool pass overlap of the 

HIP+FSP sample shows a significant impact on the microstructure homogeneity without 

changing the Si particle size, as illustrated in Figure 5.6. A semi equiaxed grain structure 

is formed at a low tool pass overlap of 25%, and the complete recrystallization of the 

equiaxed grain structure is achieved at a high tool pass overlap in the range of 60-90%. 

The Rietveld analysis listed in Table 5.5 showed a decrease in the Si weight 

percentage after the FSP of the as-built sample, and thus an increase in the Si solubility in 

the Al matrix after the decomposition of the as-built fibrous Si network, as reported by 

Maamoun et al. (2018). However, the Si solubility decreases for both the HIPed and 
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HIP+FSP samples due to the increase of Si weight percentage following the growth of the 

large Si particles.  

The significant decrease in Si particle size of the HIP+FSP sample, listed in Table 

5.5, could result in a material strength increase. However, the FSP of the as-built AlSi10Mg 

parts promises higher strength values than those reported by Ma et al. (2006a) due to the 

formation of nano-scale Si particles. The average Si particles obtained from both FSP+as-

built (0.3-0.5µm) and HIP+FSP (1µm) AlSi10Mg samples are significantly lower than 

those obtained after the FSP of a cast material of the same alloy (2.43-3.69 µm), as reported 

by Ma et al. (2006 a,b). 

5.4.3 Microhardness and residual stresses 

The microhardness of as-built samples shows higher values reaching 120 HV, as 

compared to the same cast alloy A360, which only reaches a microhardness of 75 HV, as 

presented by  Kaufman and Rooy (2004). After HIP, the microhardness significantly 

decreased (more than 50%) and reached 46 HV due to the formation of a coarse grain 

structure. The trends obtained after the FSP of as-built and HIPed samples are different, as 

illustrated in Figure 5.11. The FSP+HIP sample showed a slight increase in microhardness 

as compared to the HIPed sample, which is in agreement with the trend reported after 

applying FSP to the cast materials by Lathabai et al. (2009)  and the wrought materials as 

stated by Su et al. (2005). The microhardness decreased to 71 HV after the FSP of the as-

built sample, which is higher than that obtained from the HIP+FSP sample. The change in 

tool pass overlap did not show a considerable difference in microhardness values. The 
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measured hardness values are in good agreement with the XRD analysis and microscopic 

observations. It is worthwhile to note that the residual stress measured normal to the as-

built AlSi10Mg parts (7.7±5 to -6.4±5 MPa), fabricated using the 200 ˚C preheated build 

platform,  is significantly lower than the values presented by (Salmi and Atzeni, 2017) for 

parts produced without preheating the build plate (range between 50 to 150 MPa). The 

results also showed that applying HIP to the as-built parts resulted in a high compressive 

normal stress reaches -175±30 to -98±30 MPa. Compressive residual stresses are measured 

on the sample surface after the FSP of the HIPed sample; however, those compressive 

stresses disappeared after the FSP of the as-built sample. This observation confirms that 

FSP did not generate high compressive stresses on the surface processed. This observation 

also supports the conclusion that the material flow mechanism during FSP is similar to 

conventional milling and cannot be considered as an extrusion process, as illustrated by Ma 

et al. (2006a). 

5.5 Summary and conclusion 

Additively manufactured AlSi10Mg samples were fabricated using the SLM 

process. The effect of FSP on the microstructure characteristics, hardness, and residual 

stresses of AlSi10Mg as-built and HIPed samples was investigated. The results obtained 

are summarized as follows: 
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1. FSP can be used as a localized surface treatment for both as-built and HIPed AlSi10Mg 

samples. After FSP, the microstructure transforms into a homogeneous equiaxed grain 

structure due to the solid-state processing of the surface. 

2. FSP shows the ability to reduce porosity more efficiently than the HIP technique alone, 

and thus significantly reduces the presence of voids.  

3. The FSP of the HIPed sample results in a considerable grain refinement by transforming 

the microstructure into fine Al matrix and Si equiaxed grains. A better homogeneous 

distribution of the grains, as compared to the HIPed sample, was achieved.  

4. The FSP of the as-built sample resulted in the fibrous Si network breaking up into nano-

scale particles. The microstructure achieved presents a more homogeneous distribution 

of nano-scaled Si particles, a smaller grain size of Al matrix, and a higher microhardness 

than the HIP+FSP sample. 

5. A high tool pass overlap of between 60-90% provides better microstructure 

homogeneity over the entire processed surface. This occurs after the complete dynamic 

recrystallization of the grains, which leads to equiaxed Al and Si grain formation.  

6. The values of the normal residual stresses measured on the FSP+as-built surfaces are 

lower, as compared to the HIP+FSP surfaces. 

7. The hardness map established presents the effect of FSP on the microstructure and 

microhardness of the additively manufactured AlSi10Mg parts. The data integration and 
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processing steps outlined in this study can be used to aid in the selection of FSP process 

parameters, and thus could satisfy part requirements and facilitate the successful 

machining of parts after FSP, where surface integrity and hardness are essential 

characteristics. 

8. In general, FSP can be applied as a localized surface treatment for the additively 

manufactured AlSi10Mg parts; and thus could preserve the dimensional accuracy of the 

part geometrical features existing away from the FSP zone. FSP can also influence a 

larger depth as compared to other surface treatment techniques such as shot peening.    
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Chapter 6 : Fabrication of Additively 

Manufactured Lightweight metallic optics 

 

6.1 Introduction 

Optical metallic mirrors are used to generate real or virtual images from space 

telescopes and to transfer the rays through high power laser systems [1]. These mirrors 

should satisfy specific requirements of mirror surface roughness, dimensional accuracy, 

and assembly tolerance [2]. Material selection is essential for system reliability, long-term 

dimensional stability, surface reflectivity, and as such, depends on thermal and mechanical 

properties [1, 3].  Ultra-precision micro-machining is widely used to fabricate metallic 

mirrors via a single point diamond turning (SPDT) technique [4-6]. A desirable surface 

roughness of infra-red (IR) mirrors (10-15 nm RMS) can be reached directly using SPDT 

without the need of polishing.  However, a minimum surface roughness of less than 5 nm 

RMS is required for ultraviolet and near IR reflecting mirrors. The lightweight metal 

mirrors are frequently fabricated using non-ferrous materials such as Al6061 [5, 7, 8]. 

Nickel coated AlSi40 mirrors can also be used at a wide range of operating temperatures 

due to the close match in CTE between Ni and AlSi40. The similar CTE could reduce the 

bimetal bending effect and subsequent surface deformation [9]. Diamond Fly-milling also 

used to machine the optical mirrors surfaces. However, the surface quality using this 

technique resulted in surface roughness rates higher than that obtained from SPDT. 
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Regarding this point, diamond fly-milling could be used to produce the mirrors that require 

a surface roughness between 10-15 nm RMS such as IR optics. Christopher et al. [10] 

studied the effect of MDFM on the surface roughness of Al6061 mirror using a natural 

diamond cutting tool of 2.192 mm. Their results showed a surface flatness of 1.4 µm and 

surface roughness of 10 nm. These results achieved the flat mirror requirements of a 

thermal emission spectrometer instrument. Parameters affecting mirror surface finish 

during micromachining include material properties and microstructure, tool geometry, 

cutting tool edge quality, and relative vibration between the tool and workpiece [11]. The 

presence of material voids, segregations, grain boundary densities, and hard particle 

distribution in the surface region will affect the surface finish. The cutting mechanism is 

significantly influenced by grain orientation, which alters the cutting forces associated with 

each grain. In this case, the surface can become rougher as the tool reacts by moving under 

the different cutting force [12]. According to the literature, there is a shortage of studying 

the effect of SPDT or diamond fly-milling techniques on the surface quality of the additive 

manufactured mirrors. Neha et al. [13] presented a study that optimizes the machining 

parameters of SPDT of Silicon mirrors. Their results showed surface roughness Ra 31.6 

nm using a feed rate of 2.5 µm/rev, depth of cut 1.5 µm, and 1500 rpm spindle speed. The 

surface roughness obtained from the machined Silicon mirrors is relatively higher than Al 

mirrors due to the brittleness of Si.  

In order to increase the performance of metal mirrors, AM could be used to reduce 

the mirror’s weight, offer more flexible designs, and enhance the mirror structure cooling 
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efficiency. Joni et al. [14] studied the cooling performance of additively manufactured 

Aluminum mirrors. The results demonstrated the ability of AM to improve the structure 

and thermal performance of reflective optical components. However, further experimental 

work was recommended to improve the resolution and repeatability of the AM process. 

AlSi10Mg is a frequently used Al alloy for the SLM technique due to its lower coefficient 

of thermal expansion [15]. The high content of hard Si particles might present an obstacle 

to achieving the optical requirement surface finish of the machined mirror. In this chapter, 

the effect of diamond fly-milling and SPDT on the surface quality of additively 

manufactured AlSi10Mg will be investigated in sections 6.2 and 6.3 respectively. 

Design for additive manufacturing (DFAM) should utilize the advantages of AM to 

part design such lightweight, design flexibility, reduction of the assembly components, and 

optimizing supports’ volume and position without affecting the part quality. DFAM offers 

a significant enhancement of some critical parts’ performance in various fields such as 

space, aerospace, automotive, biomedical, and military. Section 6.4 in the current chapter 

will illustrate the influence of applying DFAM on reducing weight, adding direct cooling, 

and decreasing the number of parts in an Al alloy mirror structure of a three-mirror 

anastigmat (TMA) telescope as compared to a typical mirror design.    
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6.2 Micro diamond fly-milling (MDFM) 

 Face milling of the samples’ surface was performed before MDFM to keep the 

surfaces parallel and flat using an OKUMA CNC Crown L16060 three-axis machine. A 50 

mm cutter was used for face milling at a 100 µm depth of cut using oil-based liquid coolant 

with 350 mm/min cutting speed, 0.03 mm/tooth, and 4000 rpm tool rotation. 

As shown in Figure 6.1, a new holder was developed to mount the diamond insert. 

Two different geometries of the diamond inserts were used of 0.5 and 1.5 mm nose radius 

as illustrated in Figure 6.1. The diameter of the holder is sufficient to cover the surface of 

a 50 mm sample diameter. This hold also used inclined fixation of the diamond insert which 

permits to use a new cutting edge of the insert during MDFM.  

 

Figure 6.1 The holder developed for the MDFM process and the diamond cutting tool 

edge.  
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The selected cutting conditions are listed in Table 6.1, the applied depth of cut is 5 

µm for both roughing and finishing operations of the MDFM process. MDFM was 

conducted on various materials using Matsuura FX5 milling machine. The samples’ 

material used are Al6061T651 (conventional wrought material), additively manufactured 

materials of as-built Al6061 and AlSi10Mg, T6 treated Al6061 and AlSi10Mg, and 

AlSi10Mg annealed materials.  

Table 6.1. The primary selected cutting conditions for the roughing finishing MDFM. 

Cutting process Cutting speed 
(mm/min) 

Spindle speed 
(rpm) 

Feed rate 
(um/rev) 

Diamond insert nose radius 
(mm) 

Roughing 7.5 2000 3.75 1.5 

Finishing 6 2500 2.4 1.5 

The surface roughness was measured by Talysurf instrument using evaluating 

wavelengths of λc= 0.25mm, and λs= 0.0008 mm. The surface roughness illustrated in 

Figure 6.2 represents the average of 5 segments measured along 2.5 mm measured along 

the surface of each sample surface.  

  
Figure 6.2 Surface roughness of different treated Al alloy parts. 
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The results showed that the surface roughness obtained after MDFM along the 

Al6061T651 and as-built AlSi10Mg surfaces has similar values. The average surface 

roughness of Ra=20 nm and Rq=25 nm was measured after the finishing processing. This 

shows that the fine microstructure of the as-built AlSi10Mg plays a vital role to reduce the 

adverse effect of the hard Si particles existed inside the AlSi10Mg alloy. Surface roughness 

with higher value was measured from the annealed and T6 treated sample surface of both 

AlSI10Mg and Al6061, and thus resulted from the large Si particles and precipitates which 

were recrystallized after the heat treatment.   

Figure 6.3 illustrated the surface waviness of different samples measured after the 

MDFM process using the Zygo laser interferometer. The results indicate the lowest surface 

waviness of 0.546 wave is measured at the surface of the as-built AlSi10Mg machined 

sample. A waviness of 0.572 was detected from the annealed AlSi10Mg sample. The 

highest values of surface waviness were investigated on the surface of the T6 treated 

samples of the Al6061T651 and the additively manufactured AlSi10Mg samples. The 

relatively high values of surface waviness result from the large Si particles and precipitates 

formed inside the sample’s microstructure. 

A comparison between microhardness measured on the machined surfaces of 

different samples is illustrated in Figure 6.4. The results showed superior microhardness of 

140 HV on both top and bottom machined surfaces of the as-built AlSi10Mg sample as 

compared to that obtained from the conventional Al6061 material (116 HV). The annealed 

samples showed the lowest microhardness of 62 HV, and thus resulted from the 

decomposition of the fibrous Si network structure of AlSi10Mg after annealing. 
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  Figure 6.3 Surface waviness of different treated Al alloy parts: a) Al6061T651; b) As-

built AlSi10Mg; c) AlSi10Mg annealed; d) AlSi10Mg T6.  

    

 
 

Figure 6.4 Surface microhardness after MDFM of different treated Al alloy parts.  
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The effect of tool geometry on the surface roughness after MDFM was investigated 

for different materials. Figure 6.4 shows that the use of diamond insert L1 with a nose 

radius of 1.5 mm resulted in a better surface finish as compared to using S1 diamond insert 

smaller nose radius of 0.5 mm.  

 
Figure 6.5 Effect of diamond tool geometry of the surface roughness of various Al alloy 

parts.  

 A full factorial DOE was developed using the response surface over a wide range 

of MDFM cutting conditions to optimize the surface roughness of the machined mirror 

surface. The selected cutting conditions during the experiment are listed in Table 6.2. The 

DOE analysis shown in Figure 6.6 indicates that the surface roughness of the as-built 

AlSi10Mg sample is significantly affected by the cutting speed. A linear relationship 

between surface roughness and cutting speed is noticed where surface roughness is 

gradually increased along the cutting speed. The surface roughness of the machined 

Al6061surface is increased after the cutting speed exceeds 4 mm/min. The results show 
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that MDFM of the as-built AlSi10Mg sample resulted in better surface roughness of 13-17 

nm within a cutting speed range of 3-4 mm/min as compared to the surface quality obtained 

after the machining of the conventional material (Al6061T651).    

Table 6.2. The selecting cutting conditions for MDFM. 

Sample # Cutting speed 
(mm/min) 

Spindle speed 
(rpm) 

Feed rate 
(um/rev) 

1 3 2750 1.09 

2 3.6 2500 1.44 

3 3.6 3000 1.2 

4 4.5 2500 1.8 

5 4.8 2400 2 

6 4.8 3100 1.548387 

7 4.8 2750 1.745455 

8 6 2500 2.4 

9 6 3000 2 

10 6.2 2750 2.254545 

 
Figure 6.6 Surface roughness comparison after MDFM of the as-built AlSi10Mg and 

conventional Al6061T651 parts.  
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Figure 6.7 illustrates the relation between the selected range of feed rate values and 

surface roughness (Ra). The regression models generated for AlSi10Mg and Al6061T651 

samples show a good agreement with the measured values. It was noticed that the higher 

the feed rate, the lower the surface quality of the machined surface. The lowest surface 

roughness of 11 nm was obtained from the as-built AlSi10Mg sample using MDFM at a 

feed rate of 1.1µm/rev. The surface roughness of the convention Al6061T651 was 

measured between 16 to 25 nm. From the DOE analysis it was concluded that the optimum 

cutting conditions for the MDFM are cutting speed of 3 mm/min, 1.09 µm/rev, and spindle 

speed of 2750 rpm using 5 µm depth of cut. These cutting conditions resulted in a surface 

roughness of 11 nm for the mirror surface which satisfies the optical requirements for the 

flat mirrors of IR applications. It can be concluded that using the MDFM technique could 

be cost-effective machining process for specific applications, and the as-built AlSi10Mg 

parts promise a superior quality of the machined mirror surface. 

 

Figure 6.7 Surface roughness vs. feed rate of the fly-milling surfaces of the as-built 

AlSi10Mg and conventional Al6061 parts.  
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6.3 Single point diamond turning (SPDT) 

SPDT was applied using the optimized cutting conditions from the MDFM 

process on different samples of Al6061T651, and As-built, annealed, and T6 treated 

AlSi10Mg. The SPDT results in surface roughness values of 12.5 nm for the AlSi10Mg 

annealed sample and 13.5 nm roughness from the AlSi10Mg T6 sample. These results are 

not compatible with the near IR and ultraviolet applications. However, the lower surface 

roughness of 2.4 nm from the as-built AlSi10Mg machined surface which is comparable to 

the same surface roughness obtained from the AL6061T651 sample that reaches 2.5 nm. 

The results obtained after SPDT of the as-built AlSi10Mg and Al6061T651 meet the 

requirements of the near IR and ultraviolet samples.  

 
Figure 6.8 Surface roughness after SPDT of different Al alloy parts. 
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It can be concluded that the MDFM can be applied on the additively manufactured 

AlSi10Mg parts to achieve the optical requirements of the machined surface for the IR 

applications. On the other side, SPDT could be applied to the as-built AlSi10Mg samples 

to satisfy the characteristics of the near IR and ultraviolet applications. SPDT also can be 

applied to the heat-treated AlSi10Mg parts to meet the requirements of IR application.   

6.4 Design for Additive Manufacturing (DFAM) 

DFAM was used to develop a typical design of the second mirror of a TMA telescope. The 

fused deposition modeling (FDM) technique was applied to produce rapid prototypes of 

the developed DFAM part, conventional design, and solid part design as illustrated in 

Figure 6.9. The design of the additively manufactured part was edited twice to try to reduce 

the number of supports used during the SLM building process.   

Figure 6.9 The prototypes produced for various designs of the mirror structure: a) AM 

design; b) Conventional design; c) Solid part.  

After verification of the design developed, the AlSi10Mg parts were fabricated 

using the SLM process. The optimized SLM parameters were applied, and the support 



Ph.D. Thesis – Ahmed Maamoun                McMaster University – Mechanical Engineering 

249 

 

structure was reduced to facing the bottom surface using any of the internal supports. It was 

found that the part followed the DFAM has a 50% weight reduction as compared to the 

conventional design. The weight reduction was achieved by designing a hollow structure 

without any need for internal supports. Direct cooling is applied to the mirror surface using 

embedded channels as illustrated in Figure 6.10. The developed design offers solutions of 

the existed conventional designs that could reduce the weight of the mirror and enhance its 

performance. The mirror surface requirements were achieved using ultra-precision 

machining as illustrated in Figure 6.11.  

Figure 6.10 The as-built mirror structure: a) conventional design; b, c) developed design 

for AM. 

Figure 6.11 The ultra-precision machined surface of the additively manufactured Al 

mirror. 
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Chapter 7 : Conclusions and Future Work 

 

7.1 General Conclusions 

This thesis presented a comprehensive characterization, and process mapping for 

the as-built, post-processed, and ultra-precision machined Al alloy parts fabricated using 

SLM. The research aimed to optimize a cost-effective production process of efficient, 

accurate, and lightweight optics and optomechanical components using additive 

manufacturing technique. A full characterization of both fresh and recycled AlSi10Mg 

powder was performed according to ASTM F3049-14. 1. As presented in chapter 3, the 

results showed almost identical PSD, chemical and phase compositions, crystal size, and 

surface oxide content, with a slightly different powder morphology. This study 

recommends that a recycled AlSi10Mg powder can be used as part of a cost-effective 

process for part fabrication with no loss in part quality after providing of proper sieving. In 

addition, various Al alloy powders, such as AlSi10Mg and Al6061, obtained from different 

suppliers were also characterized. This assisted in investigating the effect of the AM 

powder characteristics on the microstructure and mechanical properties of the produced 

parts as illustrated in chapter 2.  

The effect of the SLM process parameters on the quality of Al alloy parts was 

studied. The evaluation of parts’ quality based on powder characterization, relative density, 

surface topology, dimensional accuracy, microstructure defects, and mechanical properties. 
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This study presented an optimal processing window for both AlSi10Mg and Al6061 parts 

fabricated using the SLM process. This could help to optimize the SLM process parameters 

and customize the characteristics of the as-built parts. Consequently, the microstructure and 

mechanical properties of the additively manufactured parts can be tailored according to 

their design requirements.    

For critical applications, post-processing for AM parts produced using SLM is often 

an essential step homogenizing their microstructure and reducing as-built defects. Post-

processing treatment of the as-built AlSi10Mg was studied using thermal post-processing, 

shot peening, and friction stir processing. A comprehensive study investigated the effect of 

annealing, solution heat treatment, and T6 treatment on the as-built AlSi10Mg parts 

produced using recycled powder. This study showed the change of microstructure of parts 

along each heat treatment. The achieved results are presented in a micro-hardness map that 

can be utilized to satisfy the design requirements of most critical industrial applications, 

such as machining of parts, where surface integrity and hardness are essential.    

The effect of surface treatment the surface quality of the as-built and machined 

AlSi10Mg parts was studied using shot peening (SP). SP of the as-built AlSi10Mg surfaces 

resulted in the elimination of the surface defects, microstructure refinement, surface 

hardening, and the application of high compressive stress into a specific depth from the 

sample surface. This could lead to an improvement of the mechanical properties, and 

fatigue strength of the sample surface, and thus might satisfy the requirements of some 

critical parts in the industrial field.  
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Friction stir processing (FSP) was also applied as a novel surface treatment of the 

as-built and HIPed AlSi10Mg samples. The hardness map established presents the effect 

of FSP on the microstructure and microhardness of the additively manufactured AlSi10Mg 

parts. The data integration and processing steps outlined in this study can be used to aid in 

the selection of FSP process parameters, and thus could satisfy part requirements and 

facilitate the successful machining of parts after FSP, where surface integrity and hardness 

are essential characteristics. It was also concluded that FSP could be applied as a localized 

surface treatment for the additively manufactured AlSi10Mg parts, and thus could preserve 

the dimensional accuracy of the part geometrical features existing away from the FSP zone. 

FSP can also influence a more considerable depth as compared to other surface treatment 

techniques such as shot peening.     

The post-processing studied on the as-built AlSi10Mg showed the possibility to 

customize the properties of the as-built parts after post-processing. This could help to 

achieve the specific quality of optics and optomechanical components in a wide range of 

applications according to their functional requirements. 

A full study of micromachining of optics was performed on various Al alloy 

samples using diamond fly-milling and single point diamond turning (SPDT) techniques. 

The conventional material of Al6061 T651 was machined to compare their surface 

roughness to that obtained from the machined additively manufactured AlSi10Mg parts.  A 

design of experiment (DOE) analysis was conducted to tuning the machining parameters 

of the diamond fly-milling process. The effect of cooling and tool geometry were also 

investigated. The results of the study showed that each technique could be applied for a 
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specific type of optics. This could help to optimize a cost-effective production process that 

satisfies the requirements of IR optics with a surface roughness between 10-15 nm. For 

Ultraviolet optics, SPDT is more compatible to achieve surface roughness less than 5 nm. 

Design for additive manufacturing (DFAM) was applied on a typical mirror 

structure, and thus showed a weight reduction of 50% as compared to the conventional 

mirror used. The performance of the mirror could be improved due to adding direct cooling 

passages embedded under the mirror surface of the additively manufactured structure. 

In general, this thesis presented a full map to customize the production process 

according to the functional requirements of various optics and optomechanical components. 

This can be directly applied for telescopes or high power laser systems used in space and 

aerospace applications    

7.2 Research Contributions 

The main contributions of this thesis are related to optimizing the production 

process of high-performance lightweight optics and optomechanical components. These 

contributions can be summarized as follows: 

1) The characterization of powder and as-built AlSi10Mg parts showed that the 

recycled powder could be used as part of a cost-effective process for part fabrication 

with no loss in part quality after providing proper sieving. 

2) Effect of the SLM process parameters on the quality of Al alloy parts was 

investigated. An optimal processing window was established for optimizing the 
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quality of the as-built AlSi10Mg and Al6061 parts regarding the performance 

characteristics of density, surface roughness, and dimensional accuracy. 

3) The influence of SLM process parameters was studied on the microstructure and 

mechanical properties of AlSi10Mg and Al6061 alloys. 

4) A micro-hardness map through different conditions of thermal post-processing was 

established. This map can be utilized to satisfy the design requirements of most 

critical industrial applications, such as machining of parts, where surface integrity 

and hardness are essential. 

5) The influence of the shot peening parameters on improving the surface roughness 

of the as-built and machined parts was investigated. 

6) FSP was applied as a novel post-processing treatment of the as-built and HIPed 

AlSi10Mg parts. FSP could be used as a localized surface treatment into a more 

significant depth as compared to other surface treatment techniques such as shot 

peening and sandblasting. 

7) Diamond fly-milling was found to achieve the surface quality of specific types of 

metallic optics such as IR optics that require a surface roughness of 10-15 nm. 

8) SPDT of the additively manufactured AlSi10Mg mirrors satisfied a surface 

roughness of 2.5 nm which is compatible with Ultra-violet optics. 

9) DFAM achieve a 50% weight reduction and flexibility to produce complex shape 

structure includes embedded direct cooling channels that could enhance the 

performance of the fabricated metallic mirrors.  
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7.3 Recommendations for Future Research 

The combination of the results and developed process maps that were presented in 

this thesis would be recommended to fabricate some of the critical industrial components 

in various fields. This will help to customize the properties of the produced parts such as 

metallic optics and optomechanical components to achieve their desired design 

requirements. The studies presented in chapter 6 is recommended to be prepared for journal 

publications. 

The following studies will be suggested for the future work: 

1- A case study could be planned to produce a typical metallic mirror structure. 

The production steps optimized in this study should be applied. This could help 

to maximize the weight reduction that can be reached. The performance of the 

mirror will be evaluated after adding the direct cooling embedded to the mirror 

structure.    

2- More studies on post-processing might be conducted such laser shock peening 

(LSP) and hot isostatic press (HIP) to investigate their influence on the 

characteristics of the as-built parts. The effect of LSP will be compared to other 

surface treatment techniques such as shot peen, sandblasting, and friction stir 

processing. The impact of hot isostatic press on the quality of the as-built parts 

will be investigated for Al alloys. This could indicate the possibility to use HIP 

to eliminate the hot cracks formed inside some alloys such as Al6061.   


