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ABSTRACT 

Direct metal laser sintering (DMLS) is an additive manufacturing technique that creates 

near-net-shape functional components by selectively melting metal powders in two 

dimensions layer by layer using a high power laser as a heat source. The current thesis 

details (i) the corrosion behavior and microstructure of DMLS-AlSi10Mg_200C versus die 

cast A360.1 aluminum, confirming that the corrosion resistance of the alloy processed 

through DMLS was significantly better than the cast counterpart, (ii) effects of surface 

finishing procedure, i.e. grinding, polishing, and sandblasting, on corrosion behavior of 

DMLS-AlSi10Mg_200C Alloy vs die-cast A360.1 aluminum, highlighting a better 

corrosion resistance of DMLS-AlSi10Mg_200C than its cast counterpart with similar 

surface finish, and (iii) the microstructure and corrosion behaviour of AlSi10Mg alloy with 

low surface roughness fabricated by direct metal laser sintering, elucidating the dominant 

impact of the alloy’s microstructure on controlling the electrochemical performance of the 

as-printed samples than their surface roughness.  
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Chapter 1 

INTRODUCTION AND OVERVIEW 

1.1 Background 

Additive Manufacturing (AM) or “3D printing” refers to processes used to 

synthesize three-dimensional objects from CAD data in which successive layers of 

material are formed under computer control [1]. Additive manufacturing offers notable 

advantages over the traditional manufacturing processes, including geometrical and design 

flexibility leading to a near-net-shape component, higher productivity, reduced materials 

and energy, environmentally friendly, and cost efficiency [2]. In particular, Direct Metal 

Laser Sintering (DMLS) [3], also known as Selective Laser Melting (SLM) [1], Laser 

Beam Melting (LBM) [3], or Laser Metal Fusion (LMF) (Trumpf GmbH & Co. KG), is an 

additive manufacturing technology for fabrication of metallic components by precise 

melting of the powder metal in two dimensions layer by layer using a high power laser as 

the heat source until the near-net-shape part in 3D is produced [5].  

The use of lightweight Al alloys in modern manufacturing has drastically increased 

during the last two decades [6]. Among these alloys, Al-Si-Mg alloys are widely used in 

the automotive, marine, and aerospace industries, because of their high strength and 

stiffness to weight ratio, low density, and good corrosion resistance [7]. In particular, Al-

Si10-Mg alloy is extensively fabricated using the DMLS process primarily due to its 

reduced coefficient of thermal expansion, leading to low solidification shrinkage and 
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reduced susceptibility to hot cracking during solidification [8]. Also, a slight addition of 

Mg to this alloy (0.20–0.45 wt.% Mg) provides precipitation hardening for the alloy by 

forming Mg2Si precipitates upon aging treatments [9,10]. To further benefit from the 

advanced applications of these strategically vital alloys, they have been also adopted by 

the additive manufacturing industry as a strong candidate for various engineering 

applications. So far, the major research on this alloy has been focused on the evolution of 

microstructure and mechanical properties of the alloy processed through various DMLS 

processing parameters [11–18], where very little work has been done to understand the 

corrosion behavior of the DMLS-AlSi10Mg alloy. 

The impact of microstructure on the corrosion resistivity of additively manufactured 

AlSi10Mg alloy has been researched in a few recent studies. Cabrini et al. [19] investigated 

the impact of different post-heat treatments, i.e., stress relieving and high temperature 

annealing followed by water quenching, on corrosion behavior of DMLS-AlSi10Mg alloy. 

The authors demonstrated that the low temperature stress relieving at 537 K does not affect 

the susceptibility of the alloy to the selective attack in Harrison solution [19]. However, 

high temperature annealing at 823 K was reported to promote localized corrosion attack 

resulted from the accelerated galvanic coupling between the coarse Si particles and 

surrounding Al matrix [19]. In another study, Cabrini et al. [20] outlined the corrosion 

performance of heat treated laser powder bed fusion AlSi10Mg alloy ranging from 200 °C 

to 500 °C through intergranular corrosion testing as per ISO 11846 and reported increased 

susceptibility of the alloy to selective corrosion attack along the melt pool boundaries after 
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stress relieving in the range of 200 to 300 °C, in contrast to the results observed in their 

previous study [19]. However, higher temperature heat treatments, i.e. 400 °C and 500 °C, 

were reported to prevent the occurrence of selective corrosion attack along the melt pool 

boundaries of the alloy as the coarse Si network structure adjacent to the melt pool 

boundaries starts to disappear at temperatures higher than 400 °C [20]. The local Volta 

potential analysis results taken from the melt pool borders, reported by Revilla et al. [21], 

confirmed a higher potential difference between the Si phase and the α-Al matrix in the 

border regions with coarser structure, representing a greater driving force for galvanic 

corrosion. 

Cabrini et al. [22] have also evaluated the effect of building direction combined with 

different surface finishing, including mechanical polishing and shot peening, on corrosion 

resistivity of DMLS-AlSi10Mg alloy. An improved corrosion resistance was reported for 

the polished as well as smooth shot-peened surfaces relative to that of the rough as-printed 

ones [22]. Additionally, the authors reported a reduced corrosion resistance of the surfaces 

parallel to the building direction (side plane), which was attributed to the higher density of 

the melt pool borders containing a higher concentration of coarser Si particles [22]. In a 

similar study on a different Al-Si alloy, Chen et al. [23] also studied the anisotropy in 

corrosion properties of SLM produced Al-12Si and pointed out an opposite behavior. The 

observed lower corrosion resistance of the building plane (top plane) compared to the plane 

parallel to the building direction was ascribed to the morphology of the Si phase, having 

deep and small-bore Si shells embedded in the Al matrix [23]. The authors explained that 
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the growth of corrosion products on the building plane could cause cracking of the Si shells 

and consequently degradation of corrosion performance, as opposed to the side plane, 

containing shallow and large-bore Si shells [23].  

Cabrini et al. [24] also evaluated the effect of a conversion treatment by short 

immersion of the AlSi10Mg samples in Ce(III) salt solution. This post-treatment process 

was not found to be effective in inhibiting corrosion on the as-printed specimen, but was 

reported to be more effective on polished and pickled surfaces [24]. In a similar study, 

Leon and Aghion [25] explored the effect of surface roughness on both general corrosion 

and corrosion fatigue behaviors of additively manufactured AlSi10Mg processed through 

SLM, by comparing the as-printed surfaces with the polished ones. An improved corrosion 

resistance and a higher low cycle corrosion fatigue life span were reported for the polished 

surfaces over the as-printed ones, associated with increased surface roughness of the as-

printed sample [25]. 

One of the limitations of SLM/DMLS manufactured Al alloys components in as-

printed condition is their rough surfaces [26]. Balling and dross formation in the melt pool 

during solidification of the part have been reported as the main reason for the formation of 

a rough printed surface with arithmetical mean deviation value (Ra) in the range of 8-20 

µm in the as-printed condition [27]. This superficial roughness can be detrimental to both 

fatigue [28] and corrosion properties [22] of the alloy. To improve the surface quality and 

lower the surface roughness of an additively manufactured component, various post 

processing techniques have been implemented so far on as-printed surfaces, including 

https://en.wikipedia.org/w/index.php?title=Arithmetical_mean_deviation&action=edit&redlink=1
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mechanical polishing [22,28], laser polishing [29], chemical etching [30], shot peening 

[27], sandblasting [31], and grinding [32]. However, the properties of the post processed 

AM parts, in particular, the electrochemical stability and corrosion performance of the 

surface, have not been studied extensively. In this context, despite the above mentioned 

two studies by Cabrini et al. [22] and Leon and Aghion [25] were focused on the impact 

of surface quality on the corrosion behavior of additively manufactured AlSi10Mg, yet, a 

comprehensive study is needed to understand the influence of commonly used surface 

finishing procedures, such as post grinding or sandblasting, on the corrosion behavior of 

additively manufactured AlSi10Mg alloy. There is no previous investigation on the 

corrosion performance of DMLS-AlSi10Mg subjected to the post-grinding or sandblasting 

process. 

Therefore, a comprehensive review of the literature revealed that the knowledge on the 

corrosion performance of DMLS produced Al alloys, especially in as-printed and in regular 

service conditions without surface preparation, is very limited. In addition, the impacts of 

various surface finishing procedures, including grinding and sandblasting, are still 

unknown on the sensitivity of the alloys to localized corrosion attack particularly in the 

presence of chloride. Furthermore, there is no study in the open literature that directly 

evaluates the microstructural modification and the resultant corrosion performance of a 

DMLS-AlSi10Mg part through changing the printing process parameters. 
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1.2 Objectives 

The aim of this thesis is to conduct an experimental analysis to (i) investigate corrosion 

behavior of the DMLS-AlSi10Mg_200C alloy in compared with its cast counterpart (Die 

cast A360.1 Al alloy) with the particular focus on the microstructure and the formed micro-

constituents after each manufacturing process, (ii) investigate the impact of surface 

finishing on corrosion performance of AlSi10Mg_200C alloy manufactured through 

DMLS versus cast A360.1 aluminum in seawater environment, (iii) achieve a 

comprehensive understanding of the microstructure and corrosion properties of DMLS-

AlSi10Mg parts with significantly lowered surface roughness obtained by tuning the 

DMLS process parameters instead of applying a post-printing operation. 

 

1.3 Organization of Thesis 

This thesis is prepared in a paper-based format and is subdivided into four chapters. 

Overall, the outcomes of this MEng research work led to three peer-reviewed journal 

publications (Chapters 2-4) and another two conference papers. The details of each 

publication are listed below.  

Journal Publications 

1. P. Fathi, M. Mohammadi, X. Duan, A.M. Nasiri, “A comparative study on corrosion 

and microstructure of direct metal laser sintered AlSi10Mg_200C and die cast A360.1 

aluminum”, Journal of Materials Processing Technology (Impact Factor: 3.817), 

Volume 259, 2018, pp. 1-14. 

https://www.sciencedirect.com/science/journal/09240136/259/supp/C
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2. P. Fathi, M. Mohammadi, X. Duan, and A.M. Nasiri, “Effects of Surface Finishing 

Procedure on Corrosion Behavior of DMLS-AlSi10Mg_200C Alloy vs Die Cast 

A360.1 Aluminum”, JOM (Journal of The Minerals, Metals & Materials Society) 

(Impact Factor: 2.471), 2019, pp. 1-12. 

3. P. Fathi, M. Rafieazad, X. Duan, M. Mohammadi, A.M. Nasiri, “On Microstructure 

and Corrosion Behaviour of AlSi10Mg Alloy with Low Surface Roughness Fabricated 

by Direct Metal Laser Sintering”, Corrosion Science Journal (Impact Factor: 5.238), 

In Press, Available online 31 May 2019.  

Conference Publications 

4. P. Fathi, M. Rafieazad, M. Mohammadi, X. Duan, and A.M. Nasiri, “Effect of Surface 

Finishing Procedures on Corrosion Resistance of DMLS-AlSi10Mg_200C Alloy”, 

International Conference on Aluminum Alloys (ICAA16), June 17-21, 2018, Montreal. 

5. P. Fathi, M. Mohammadi, X. Duan, A. Nasiri, “A Comparative Study of Microstructure 

and Corrosion Resistance of Additively Manufactured AlSi10Mg and Aluminum 

A360.1 Die Casting”, 29th Canadian Materials Science Conference (CMSC-2017), 

June 20-23, 2017, University of Ottawa, Ottawa, Canada.   

 In this thesis, Chapter 1 details a comprehensive review of the literature relevant to the 

additive manufacturing (DMLS) of AlSi10Mg, and in particular is focused on the corrosion 

performance of the alloy. Chapter 2 provides details on the corrosion and microstructure 

of Direct Metal Laser Sintered AlSi10Mg_200C and Die Cast A360.1 Aluminum. Chapter 

3 reports the effects of surface finishing procedure on corrosion behavior of DMLS-

AlSi10Mg_200C alloy vs Die Cast A360.1 Aluminum. Chapter 4 documents investigations 

on the microstructure and corrosion behaviour of AlSi10Mg alloy with low surface 

https://www.sciencedirect.com/science/journal/aip/0010938X
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roughness fabricated by direct metal laser sintering. Finally, Chapter 5 provides a summary 

and recommendations for future research. 

 

1.4 Co-authorship Statement 

For all the publications esteemed from this MEng research listed in the previous section, I 

am the primary author of the articles. As the primary author, I carried out the literature 

review for each publication, performed the experimental procedure, gathered the results, 

and prepared the manuscript. The contributions from the co-authors, i.e. M. Mohammadi, 

X. Duan, and A. Nasiri, included reviewing the results, reviewing and revising the prepared 

manuscripts. The co-author M. Rafieazad in the third journal publication contributed 

through performing the EBSD and some SEM analysis of the fabricated samples.  
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Chapter 2 

A Comparative Study on Corrosion and Microstructure of Direct Metal 

Laser Sintered AlSi10Mg_200C and Die Cast A360.1 Aluminum1 

2.1 Abstract 

Direct metal laser sintering (DMLS) is an additive manufacturing technique that creates 

near-net-shape functional components by selectively melting metal powders in two 

dimensions layer by layer using a high power laser as a heat source. This technique offers 

to create parts with complex net-shape structures at an affordable cost with the least lead 

time. The main purpose of this study is to investigate the corrosion behavior and 

microstructure of AlSi10Mg_200C manufactured using DMLS compared with its die-cast 

counterpart (A360.1 die-cast Al alloy). The impact of the alloy’s surface finish, i.e. as-

printed surface versus as-ground one, on the corrosion performance was also investigated. 

Several AlSi10Mg_200C cube samples were additively manufactured through DMLS 

technique. In addition, the same size cubes were cut from an aluminum A360.1 die-cast 

ingot. The corrosion behavior of the two alloys was analyzed utilizing potentiodynamic 

polarization testing and electrochemical impedance spectroscopy in aerated 3.5 wt.% NaCl 

                                                 

1 P. Fathi, et al., Journal of Materials Processing Technology (Impact Factor: 3.817), Volume 

259, 2018, pp. 1-14 [116]. 

P. Fathi, et al., 29th Canadian Materials Science Conference (CMSC-2017), June 20-23, 2017, 

University of Ottawa, Ottawa, Canada. 

 

https://www.sciencedirect.com/science/journal/09240136/259/supp/C
https://www.sciencedirect.com/science/journal/09240136/259/supp/C
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solution to mimic sea water environment at 25°C. Further, the microstructures and 

composition of the samples before and after corrosion testing were investigated using 

Optical Microscopy (OM), Scanning Electron Microscopy (SEM), and Energy Dispersive 

X-ray (EDX) spectroscopy. The results confirmed that the corrosion resistance of the alloy 

processed through DMLS was significantly better than the cast counterpart. This was 

attributed to the fine microstructure produced by DMLS, uniform distribution of the fine 

Si particles without the formation of any intermetallic, due to the extremely rapid cooling 

and solidification rate during DMLS process and slightly lower Fe and Cu concentration 

of the AlSi10Mg alloy. In contrast, the A360.1 cast Al alloy samples experienced severe 

localized corrosion of the Al matrix in the periphery of the Fe containing IMC and Si flakes. 

The results also highlighted improved corrosion resistance of the as-printed DMLS sample 

compared with that of the as-ground one. 

 

2.2 Introduction 

Additive Manufacturing (AM) or “3D printing” refers to processes used to 

synthesize three-dimensional objects from CAD data in which successive layers of 

material are formed under computer control [1]. Additive manufacturing offers notable 

advantages over the traditional manufacturing processes, including geometrical and design 

flexibility leading to a near-net-shape component, higher productivity, reduced materials 

and energy, environmentally friendly, and cost efficiency [2]. In particular, Direct Metal 

Laser Sintering (DMLS) [3], also known as Selective Laser Melting (SLM) [1], Laser 
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Beam Melting (LBM) [3], or Laser Metal Fusion (LMF) [4], is an additive manufacturing 

technology for fabrication of metallic components by precise melting of the powder metal 

in two dimensions layer by layer using a high power laser as the heat source until the near-

net-shape part in 3D is produced [5].  

Marine and shipbuilding industries are among the fastest growing sectors demanding 

to adopt additive manufacturing [33]. Different alloys such as titanium [34], stainless steels 

[33], hard steels [35], aluminum [36], nickel aluminum bronze [37], and copper alloys [38] 

in general are of particular interest of this industry. However, in order to adopt AM to 

fabricate these alloys for different applications, their intrinsic properties such as basic 

mechanical properties [39], fatigue [40], high strain rate behavior [41], corrosion fatigue 

[25], corrosion [21], and heat treatment [42] should be studied. This is due to the extensive 

presence of random ocean wave loadings, ambient and cold temperatures, seawater 

corrosive environment, and crush, ballistic, and impact loadings around marine structures.  

Aluminum alloys with silicon and magnesium as major alloying elements have created 

a class of lightweight metallic material possessing decent mechanical properties and 

corrosion performance [7]. These alloys provide the largest family of all shaped cast 

components, with a broad range of applications in automotive, aerospace, and particularly 

marine industry [43]. To further benefit from the advanced applications of these 

strategically vital alloys, they have been also adopted by the additive manufacturing 

industry as a strong candidate for various engineering applications. Among all the alloys 

in this family, AlSi10Mg is one of the most commonly used ones for the DMLS process 
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[40], which is mainly attributed to its reduced coefficient of thermal expansion, leading to 

low solidification shrinkage, reduced susceptibility to hot cracking during solidification, 

and also its solidification characteristics [39]. Previous studies [44,45] confirmed that 

AlSi10Mg alloy fabricated through DMLS has higher mechanical strength and hardness 

than traditional cast A360 alloy (similar composition). This was mainly attributed to the 

fine microstructure resulted from extremely rapid cooling and solidification rate during 

DMLS process [42,46].   

The corrosion behavior of Al-Si-Mg alloys produced by traditional processes, such as 

casting, is generally known. Szklarska-Smialowska [47] has reported the impact of second 

phase particles and intermetallics on corrosion behavior of aluminum. The intermetallic 

phases containing Fe and Cu have been found to be cathodic with respect to the α-Al matrix 

[48]. Guillaumin and Mankowski [49] also reported that coarse Al–Si–Mg-containing 

intermetallic act as nucleation sites for pits in 1M NaCl solution, gradually leading to 

intergranular corrosion. The impact of the second phase and intermetallics was also studied 

by Fratila-Apachitei et al. [50] and Andreatta et al. [51] on AlSi(Cu) and 7075 alloys, 

respectively, in a dry environment using scanning Kelvin probe force microscopy. Fratila-

Apachitei et al. [50] reported a positive Volta potential difference relative to α-Al matrix 

for all the formed intermetallics and precipitates in the cast AlSi(Cu) alloy, including Al-

Fe, Al-Fe-Si, and  Al2Cu, suggesting that they all are noble with respect to the aluminum 

matrix. Andreatta et al. [51] also observed that solutionizing heat treatment increases the 
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Volta potential difference between the intermetallics and the matrix in AA7075 alloy, 

leading to a stronger galvanic couple between the matrix and the intermetallics.  

However, the knowledge on the corrosion performance of DMLS produced Al alloys, 

especially in as-printed and in regular service conditions without surface preparation, is 

very limited. DMLS built aluminum components are known to have 8-20 µm surface 

roughness primarily due to balling and dross formation in the melt pool without any post-

treatment [27]. The impact of this surface morphology is still unknown on the sensitivity 

of the alloys to localized corrosion attack particularly in the presence of chloride. This work 

aims to focus on this gap to investigate corrosion behavior of the DMLS-AlSi10Mg_200C 

alloy in compared with its cast counterpart (Die cast A360.1 Al alloy) with the particular 

focus on the microstructure and the formed micro-constituents after each manufacturing 

process. This study can be used as a roadmap to substitute different conventional alloys 

with their additively manufactured equivalents. 

 

2.3 Experimental Procedure 

Materials 

For this study, several AlSi10Mg_200C cube specimens (10 × 10 × 10 mm) were additively 

manufactured (shown in Figure 2-1) from gas atomized commercial AlSi10Mg_200C 

powder from EOS using an EOS M290 metal 3D printer machine through DMLS technique 

(Additive Metal Manufacturing, Inc. (AMM), Concord, ON, Canada). The machine was 

equipped with a 250 × 250 × 325 mm size platform and a 400 W Yb-fibre laser with 100 
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µm spot size. The average particle size of the alloy powder with a regular spherical shape 

was 8.8 ± 7 µm [39]. The nominal composition of the alloy is reported in Table 2-1. To 

minimize the internal stresses in the printed samples, the DMLS was processed at elevated 

building platform temperature of 200 °C. The process parameters used during DMLS 

included laser power of 370 W, scanning speed of 1300 mm/s, hatching distance of 190 

µm, and powder layer thickness of 30 µm using strip scanning strategy with 67° laser beam 

rotation between successive layers. Argon shielding with the oxygen content of 0.1% was 

applied to minimize the oxidation during the manufacturing process.  

 

Table 2-1: Nominal chemical compositions of AlSi10Mg_200C powder and A360.1 die 

cast alloy (wt.%) 

Element Si Mg Fe Mn Ti Zn Cu Al 

AlSi10Mg_200C  9.0 - 11.0 0.2 - 0.45 ≤ 0.55 ≤ 0.45 ≤ 0.15 ≤ 0.10 ≤ 0.05 Bal. 

A360.1  9.0 - 10.0 0.4 - 0.6 1.3 0.35 -- 0.5 0.6 Bal. 

 

In addition, cubes of the same size (10 × 10 × 10 mm) were cut from an aluminum 

A360.1 die cast ingot, which has the closest chemical composition to that of the 

AlSi10Mg_200C. The chemical composition of the A360.1 alloy is also presented in Table 

2-1. Due to its near Al-Si eutectic composition and low melting point temperature (see 

Figure 2-2), this alloy is typically used for cast parts with thin walls and complex 

geometries. 
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Figure 2-1: DMLS produced cubes from gas atomized AlSi10Mg_200C powder. 

 

 

Figure 2-2: Al-Si binary phase diagram (modified from [52]). 

 

Microscopic Characterization 

For microscopic analysis of the samples, DMLS produced samples were cut along both 

building platform plane (x-y plane) and the building direction (z-direction) and mounted 

in epoxy resin followed by standard grinding and polishing sample preparation procedures. 
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A similar preparation was applied on the cast sample. To reveal the microstructure of the 

samples, the polished specimens were then etched using Keller’s reagent (2.5 cm3 HNO3, 

1.5 cm3 HCl, 1 cm3 HF, and 95 cm3 H2O) for 12 s.  

The microstructures and compositions of the samples were observed and analyzed 

using a Nikon Eclipse 50i optical microscope and an FEI MLA 650F scanning electron 

microscope equipped with high throughput Bruker energy dispersive X-ray (EDX) 

analytical system. 

 

Corrosion Testing 

Corrosion resistance analysis of the samples, i.e. as-printed and as-ground (600 SiC grit 

finish) DMLS-AlSi10Mg, and as-ground cast sample with 600 SiC grit finish was 

conducted using an IVIUM CompactStat™ Potentiostat with a three-electrode cell setup. 

All the tests were repeated at least three times. Experiments were conducted in a multiport 

glass cell at atmospheric pressure based on the ASTM G5 standard for potentiodynamic 

polarization measurements [53]. A graphite rod was used as the counter electrode (CE) and 

saturated silver/silver chloride (Ag/AgCl) was used as the reference electrode (RE). The 

tested samples were immersed in aerated 3.5 wt.% NaCl solution to simulate sea water 

corrosion environment. The temperature of the solution was maintained at 25 ± 2 °C. The 

sample was connected to a copper wire as the working electrode. The applied potential 

range for the potentiodynamic polarization measurements was from −0.3 V to +0.3 V vs. 

the open circuit potential (OCP) with a scanning rate of 0.125 mV/s. Before the tests, OCP 
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was monitored for 60 min. After potentiodynamic polarization testing, the microstructures 

of the samples were studied before and after corrosion products removal. To rapidly 

remove all the formed corrosion products with minimum removal of the base metal, the 

samples were immersed in a concentrated HNO3 solution (15.8 N) in an ultrasonic bath for 

30 min [54].  

Electrochemical Impedance Spectroscopy (EIS) measurements were also conducted 

after one hour of immersion time in aerated 3.5 wt.% NaCl solution at 25 °C, with the 

amplitude perturbation of ±10 mV (sinusoidal potential signal) with respect to the OCP 

and a frequency range from 10 kHz to 10 mHz with ten points per decade. The impedance 

spectra were analyzed using IVIUMSOFT electrochemical analysis software. 

 

2.4 Results 

Surface Morphology of As-Built DMLS AlSi10Mg_200C 

Figure 2-3 shows the SEM micrographs of the typical as-built surface of the 

AlSi10Mg_200C alloy manufactured by the DMLS process. It is apparent that a high 

degree of surface irregularity is present as a result of sticking partially melted powder metal 

particles to the surface. This creates a superficial roughness on the surface of the as-built 

sample. This roughness is dictated by the DMLS process parameters, including laser 

power, scan rate, and hatching distance, as shown in a previous study [27]. 
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Figure 2-3: (a) SEM photomicrographs of the as-built surface of DMLS-AlSi10Mg_200C 

sample, (b) higher magnification of the enclosed area in (a). 

Microstructure 

Optical micrographs of the DMLS produced sample in the as-built condition are shown in 

Figure 2-4. The well-defined melt pool boundaries can be observed on both top view 

(perpendicular to the building direction, plane (b) in Figure 2-4a) as well as the front view 

(plane (c) in Figure 2-4a). The elongated tear-drop shaped features (melt pools (MP)), as 

shown in Figure 2-4b, were also reported in previous studies [55,56] when a continuous-

wave laser beam is used for the DMLS process. The main length of these melt pools on 

each x-y plane corresponds to the direction of the laser scan, which changes 67° between 

consecutive layers, resulting in the formation of irregular geometric contours as shown in 

Figure 2-4b. Due to the size of the melt pool and its rapid solidification rate, the resultant 

microstructure will be far from equilibrium and contains directional growth features. The 

side view of the melt pools along the z-axis are shown in Figure 2-4c. This figure shows 

the semi-circular shape of the overlapped melt pools from the side view representing tracks 
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of the scan laser with the arrow indicating the building direction. During the building 

process, the laser beam parameters were modulated to assure a complete melting of each 

layer of the powdered metal and also partial melting and penetration into the previous layer 

since a complete wetting between layers is required to achieve a dense component.   

Visible irregular porosities were detected mainly at the weld pool boundaries in the 

DMLS sample with a maximum dimension of ~ 25 µm (shown by small white arrows in 

Figure 2-4b and Figure 2-4c). The irregular shaped pores could result from the insufficient 

overlapping between the laser scan tracks or partially melted/unmelted powders. The 

smaller spherical shaped pores are mainly gas pores resulting from entrapped gases [57].     
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Figure 2-4: (a) Schematic overview of the DMLS-produced sample showing the 

orientation of the sample. Optical micrographs taken from the AlSi10Mg_200C 

specimen’s (b) top view as shown in (a) (building direction perpendicular to this plane), 

(c) front view as shown in (a) (along the z-axis). 

 

The SEM images of the top and side views of the DMLS-AlSi10Mg_200C are shown 

in Fig. 5. Micrographs of both top (Figure 2-5a and Figure 2-5b) and side views (Figure 

2-5c and Figure 2-5d) indicated a fine cellular dendritic solidification structure with cells 

~ 0.5-2 µm in size containing a continuous network of a secondary phase formed at the 
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intercellular region. From Figure 2-5a and Figure 2-5c, three different zones can be 

distinguished across the melt pool (MP), i.e. fine cellular structure (MP-Fine, 0.5-1 µm in 

size) inside the MP, coarse cellular structure (MP-Coarse, 1.5-2 µm in size) approximately 

5-10 µm from the MP border, and the heat affected zone (HAZ) around the MP in the 

adjacent melt pool with the average width of 5 µm, where the structure experiences high 

temperature just below their melting point temperature. This has resulted in breakage of 

the intercellular network in the HAZ by coarsening of the intercellular phase, as evidenced 

by Figure 2-5b and Figure 2-5c. Side view’s microstructure (Figure 2-5c and Figure 2-5d) 

clearly shows non-equilibrium directional solidification features indicating cellular growth 

towards the centre of the MP, as demonstrated by the dashed arrow in Figure 2-5c.  

 

 

 

 

 

 

 



 

 22 

  

  

Figure 2-5: SEM micrographs of DMLS-AlSi10Mg_200C: (a), (b) top side plane (plane 

(b) as shown in Fig. 4a), (c) and (d) a cross section along the building direction (plane (c) 

as shown in Fig. 4a). 

 

EDX mapping analysis of the melt pool was performed to investigate the compositional 

dependence of the microsturture in more detail. The EDX maps of Al, Si, Mg, Mn, and Cu 

along with the superimposed image of all maps are shown in Figure 2-6. The results 

confirmed that the cells are primarily composed of α-Al solid solution while Si is 

preferentially precipitated along the cellular boundaries. It can be observed that other 

elements, i.e. Mg, Mn, and Cu, are more uniformly distributed compared to Si. Similar fine 

structure of α-Al matrix decorated with a network of Si-phase has been reported in various 
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previous studies, such as by Rosenthal et al. [58]. Formation of Al-Si lamellar eutectic 

structure was also detected primarily in the MP-coarse region (Figure 2-5b).    

Cellular dendritic structure typically forms when metal solidifies with a very high 

velocity of the solidification front and minimum solute concentration [59]. In Al-Si alloys, 

it has been reported that high cooling rates can extend the solubility of Si in Al (Birol, 

2007). The DMLS technique, similar to other laser additive metal manufacturing processes, 

is able to generate very high cooling rates (103-1011 K/s) [62], thus leading to increased 

solid solubility of Si in Al matrix. Consequently, the degree of constitutional under cooling 

is reduced since Si concentration in the liquid phase decreases. In addition, the extremely 

rapid cooling rates of the DMLS process and the resultant rapid solidification lead to an 

extremely high velocity of solidification front. Therefore, a cellular dendritic structure 

forms in DMLS-AlSi10Mg_200C.  
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Figure 2-6: SEM-EDX concentration maps taken from the DMLS-AlSi10Mg_200C melt 

pool structure indicating maps of Al, Si, Mg, Mn, and Cu. 

 

Figure 2-7 shows the SEM micrographs of the microstructure of the A360.1 cast 

sample. The microstructure of the alloy consisted of solid-solution α-Al matrix, and various 

types of micro-constituents, including Chinese script-shaped large cored phases, needle-

like/platelet-shaped features, and irregular shaped dispersed particles. According to the 

EDS point and mapping analysis results (Figure 2-8), the Chinese script phase and also 

some of the light gray needle-like shaped features containing 66.5 ± 0.8 wt.% Al, 22.1 ± 

1.0 wt.% Fe, 8.2 ± 0.2 wt.% Si, 2.3 ± 0.1 wt.% Cu, and 0.9 ± 0.1 wt.% Mg represented the 

α-Al15(Fe,Mg,Cu)3Si2 stoichiometric intermetallic compound (IMC), presented in Figure 

2-7b. It has been reported that the presence of AlFeSi IMC degrades mechanical properties 

and corrosion resistivity of the alloy, primarily due to the morphology and low adhesion of 
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this phase to the α-Al matrix [63]. The addition of Mg or Mn to the composition of this 

alloy minimized the formation of detrimental AlFeSi IMC by forming the α-

Al15(Fe,Mg)3Si2 and Mg2Si phases, resulting in mechanical and corrosion properties 

improvement of the alloy [64].  

The platelet shaped features and irregular shaped dispersed particles contained 100 

wt.% Si were identified to be eutectic Si particles. In addition, SEM-EDX mapping analysis 

results confirmed existence of an irregular-shaped phase with a high Mg concentration 

containing 18.5 ± 0.5 wt.% Al, 16.2 ± 0.8 wt.% Cu, 34.6 ± 1.5 wt.% Mg, and 30.7 ± 1.2 

wt.% Si, which was found to be Al4Cu2Mg8Si7 with honeycomb structure (shown in Figure 

2-7c). The literature data revealed that the Mg content of the Al-Si-Mg alloy leads to the 

formation of this honeycomb type AlMgSiCu intermetallic [65].  

SEM micrographs of the cast structure also revealed a plate/needle-like shaped 

precipitate containing 60.1 ± 2.1 wt.% Al, 27.2 ± 0.6 wt.% Fe, and 12.7 ± 0.5 wt.% Si. This 

phase is visible on both Figure 2-7a and Figure 2-7c. The compositional analysis results 

and the literature data revealed that this needle-like phase corresponds to β-Al5FeSi 

intermetallic [66]. 

 

 



 

 26 

  

 

Figure 2-7: SEM micrographs of the die cast A360.1 Al alloy at different magnifications. 

(b) and (c) are the higher magnifications of the enclosed areas in (a). 

 



 

 27 

 

Figure 2-8: SEM-EDX concentration maps taken from the die cast A360.1 Al alloy 

microstructure indicating maps of Mg, Al, Cu, Si, and Fe. 

 

Potentiodynamic Results 

The potentiodynamic polarization plots in Figure 2-9 show corrosion behaviors of all 

samples comparing the DMLS-AlSi10Mg_200C in as-printed and as-ground surface 

condition with the A360.1 cast alloy. The preliminary observation of the graphs confirms 

a higher corrosion resistivity in DMLS samples than the cast alloy sample since as a general 

trend, better corrosion resistance is shown by an increase in corrosion potential and a 

decrease in corrosion current density (shown by the dashed arrow in Figure 2-9).  
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Figure 2-9: Potentiodynamic curves comparing the corrosion behavior of DMLS-

AlSi10Mg_200C with as-printed and as-ground surface finish to A360.1 cast alloy. 

 

Table 2-2 presents the extracted data from the potentiodynamic plots shown in Figure 

2-9 including the corrosion potential, polarization resistance, corrosion current density, and 

the corrosion rate of each of the samples. The shift in corrosion potential of the samples 

from the lowest (for the cast sample) to the highest potentials (for the as-ground DMLS 

sample) can be ascribed to several factors, such as variation in the volume fraction and the 

type of existing micro-constituents in the structure, i.e. Si and other IMCs, and also 

uniformity of the corrosion layer on the surface. Cathodic branches of the plots for all 

samples indicate a narrow current region, suggesting a cathodic-controlled corrosion 

reaction in the aerated NaCl electrolyte. The lower cathodic current density range of the 
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as-printed DMLS sample confirms that the cathodic reaction was more effectively hindered 

in this sample compared to the other two samples.   

The as-printed DMLS samples evidenced a very limited passive region just above its 

corrosion potential. The sharp increase in the corrosion current density of the as-ground 

DMLS-AlSi10Mg sample in the anodic branch suggests that the surface pitting was freely 

initiated at the corrosion potential, corresponding to an approximately equal values of 

corrosion potential and pitting potential. The steeper slope on the anodic branch of the as-

printed sample indicated a greater passivation tendency for this sample than the as-ground 

DMLS sample. For the cast alloy, the corrosion potential has shifted to more active values 

(-0.98 V vs. OCP) and the polarization plot shows a passive region, indicating that the 

corrosion process is under anodic control.  

In general, the as-printed DMLS sample shows an improved corrosion resistance by a 

factor of 28 compared with that of the cast sample (comparing the corrosion current density 

of 0.0310 mA/cm2 for the cast alloy vs. 0.0011 mA/cm2 for the as-printed DMLS sample) 

despite its rougher surface. The results also revealed that the corrosion potential of the 

DMLS sample with the ground surface was slightly higher than the as-printed one (-0.706 

V vs. -0.770 V), while the corrosion current density was relatively raised (0.0047 mA/cm2 

vs. 0.0011 mA/cm2). Therefore, even though the as-ground samples had a smoother surface 

finish, there is a loss of corrosion resistance after grinding operation.    
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Table 2-2: Potentiodynamic polarization parameters obtained for A360.1 cast alloy and 

DMLS-AlSi10Mg_200C in 3.5 wt.% NaCl solution 

Sample 

Corrosion 

potential 

(V) 

Polarization 

resistance 

(Ohm) 

Anodic 

slope 

(V/dec) 

Cathodic 

slope 

(V/dec) 

Corrosion 

current density 

(A/cm2) 

Corrosion 

rate 

(mm/year) 

A360.1 Cast 

Alloy 

-0.980  

± 0.078 

162.9 

± 14.665 

0.062 

± 0.005 

0.476 

± 0.048 

31.05 ± 2.640 

×10-6 

0.327 

± 0.028 

AlSi10Mg_200C 

As-Printed 

-0.770 

± 0.120 

2955 

± 470.850 

0.034 

± 0.007 

0.192 

± 0.037 

1.146 ± 0.172 

×10-6 

0.013 

± 0.002 

AlSi10Mg_200C   

As-Ground 

-0.706 

± 0.077 

686.4 

± 77.231 

0.029 

± 0.003 

0.350 

± 0.042 

4.775 ± 0.524 

×10-6 

0.055 

± 0.006 

 

Corrosion Morphology 

Figure 2-10 shows the SEM images from the surfaces of the corroded samples after the 

electrochemical testing. The A360.1 cast sample (Figure 2-10a and Figure 2-10b) revealed 

non-uniform corrosion of the surface with some corrosion pits and large corroded areas. A 

significant amount of corrosion products was also detected on the surface. In comparison, 

Figure 2-10c and Figure 2-10d clearly evidenced that the rough surface of the as-printed 

DMLS produced sample after the potentiodynamic polarization test remains very similar 

to that before the test (compare Figure 2-3a to Figure 2-10c) without any significant pitting 

attack. In contrast, the as-ground DMLS produced sample revealed some pitting attacks 

along the melt pool boundaries with some corrosion products accumulated on the surface, 

but not as significant as the A360.1 cast sample (compare Figure 2-10f with Figure 2-10b).  
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Figure 2-10: SEM images of the surface after the potentiodynamic test before removing 

corrosion products, (a) and (b) A360.1 cast alloy, (c) and (d) as-printed DMLS-

AlSi10Mg_200C, (e) and (f) as-ground DMLS-AlSi10Mg_200C. 

 

In order to investigate the severity of the corrosion attack on the surface of all samples 

following the electrochemical testing, the formed corrosion products were removed by 

immersing the samples in concentrated HNO3 solution for 30 min, as recommended by 

Ferrer and Kelly [54]. SEM micrographs of the A360.1 cast alloy surface after removing 



 

 32 

corrosion products are shown in Figure 2-11 followed by its EDX concentrations maps 

presented in Figure 2-12. Microstructural analysis of the corroded A360.1 cast alloy 

surface confirmed severe corrosion in the form of large pits. As shown by the red arrows 

in Figure 2-11, localized corrosion of the α-Al matrix at the periphery of α-AlFeMgSi and 

β-FeAlSi IMCs, and Si precipitates can be detected. Therefore, Al15(Fe,Mg)3Si2 dendrite,  

β-Al5FeSi IMC, and Si phase form a micro-galvanic cell with α-Al matrix and function as 

localized cathodes. This stimulates the micro-galvanic corrosion of anodic α-Al matrix near 

the periphery of these micro-constituents. The Mg-rich phase (Al4Cu2Mg8Si7) was not 

detected on the surface of the corroded sample, and therefore, it has been dissolved from 

the surface during the potentiodynamic polarization testing. The SEM-EDX concentration 

maps in Figure 2-12 confirm that localized corrosion attack has removed the Al4Cu2Mg8Si7 

IMC from the location marked by the thick white arrow in Figure 2-11b. It was also 

reported by Pech-Canul et al. [67] that Mg from the Mg-rich intermetallic phase 

preferentially dissolves in chlorides solution. The addition of Mg to this alloy and the 

subsequent formation Al15(Fe,Mg)3Si2 and Al4Cu2Mg8Si7 phases is a common practice for 

the strengthening of the alloy, since the formation of needle-like AlFeSi phase can be 

minimized [68]. However, the Al4Cu2Mg8Si7 phase has lower corrosion potential (more 

negative) than the α-Al matrix, leading to localized corrosion of the alloy [69], whereas 

Al15(Fe,Mg)3Si2 is cathodic relative to the Al matrix. These results are consistent with the 

scanning Kelvin probe force microscopic (SKPFM) results of A356 cast alloy by Arrabal 

et al. [71] reporting the potential difference of various precipitates relative to the α-Al 
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matrix. This included coarse flakes of Si, platelets β-AlFeSi, Chinese script α-AlFeSiMg 

with a potential difference of 300-320 mV, 380-420 mV, and 190-230 mV, respectively, 

relative to the α-Al matrix [70]. In contrast, a negative potential difference was reported 

for the Mg-rich intermetallic (e.g. Mg2Si), confirming its anodic behavior relative to the 

aluminum matrix [70]. The reported potential differences are adequate to advance micro-

galvanic corrosion along the Al/precipitates interfaces. However, Jain [72] reported a much 

lower conductivity for Si than the Fe-containing intermetallics. Therefore, the resulting 

corrosion damage at the interface of α-Al/Si should be less detrimental than that of α-Al/Fe-

containing phases.  

 

  

Figure 2-11: SEM images of the A360.1 cast alloy surface after the potentiodynamic test 

and removing the corrosion products. 
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Figure 2-12: SEM-EDX concentration maps taken from the A360.1 cast alloy 

microstructure after removing the corrosion products indicating maps of Si, Al, O, Cl, Fe, 

Mg, and Na. 

 

Figure 2-13 shows the SEM images of the as-ground DMLS produced sample after 

potentiodynamic polarization testing followed by removing the corrosion products. This 

figure revealed selective corrosion attack along the melt pool boundaries. The EDX 

concentration maps of the surface (Figure 2-14) confirmed an enrichment of silicon and 

oxygen along the melt pool borders, where coarsening of Si phase into idiomorphic 

particles was detected (shown in Figure 2-5). The higher concentration of Si particles as a 

separate phase and not in a solid-solution form incites the micro-galvanic corrosion of 

anodic α-Al matrix along the melt pool boundaries. However, the severity of the corrosion 

attack is not as significant as the cast A360.1 alloy surface.   
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It is worth noting that the as-printed DMLS samples revealed negligible corrosion, and 

as a result, no difference was observed on the sample before and after removing corrosion 

products.  

 

   

Figure 2-13: SEM images of the as-ground DMLS-AlSi10Mg_200C alloy surface after 

the potentiodynamic test and removing the corrosion products. 
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Figure 2-14: SEM-EDX concentration maps taken from the as-ground DMLS-

AlSi10Mg_200C microstructure after removing the corrosion products indicating maps 

of Si, Al, O, Fe, Cu, Mg, and Na. 

 

Electrochemical Impedance Spectroscopy Results 

To investigate the integrity of the protective passive layer on the DMLS-AlSi10Mg_200C 

alloy with different surface finishes versus the as-ground A360.1 cast alloy, EIS tests were 

conducted on all samples after 1 h of immersion time in aerated 3.5 wt.% NaCl solution. 

The impedance spectra, including Bode and Nyquist plots are presented in Figure 2-15. 

The impedance response of all the samples represents typical localized corrosion behavior 

of Al alloys [73]. After 1 h of immersion time, the as-printed surfaces showed the highest 

resistance with more than one order of magnitude higher values of |Z| than the cast alloy 

or the ground DMLS-AlSi10Mg_200C sample, confirming a slow kinetic for the corrosion 
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reactions. This higher impedance of the as-printed sample is consistent with the observed 

corrosion behavior of the samples during potentiodynamic polarization testing (Figure 

2-9), indicating the lowest corrosion current density and corrosion rate for the as-printed 

sample. It also confirms the existence of a more protective passive film on the as-printed 

DMLS surface, both in terms of thickness and density, leading to the improved film’s 

resistivity towards the diffusion of aggressive ions, through the passive layer [74]. The 

observed lower values of the impedance of the ground DMLS sample at lower frequencies 

is also in agreement with the active-like behavior of the as-ground DMLS surface, as 

evidenced from the potentiodynamic polarization results in Figure 2-9. 

As shown in Figure 2-15b, there is a remarkable difference between the Nyquist plots 

of the as-printed DMLS-AlSi10Mg_200C and the ground A360.1 cast alloy. The diameter 

of the capacitive arc for the as-printed DMLS-AlSi10Mg_200C has decreased considerably 

after grinding off the partially melted powders from the surface. Still, the DMLS-

AlSi10Mg ground surface demonstrated a larger capacitive arc than that of the cast A360.1 

alloy. Therefore, the DMLS-AlSi10Mg as-printed surface indicated an improved corrosion 

resistance compared with that of the ground one or the cast surface. This corresponds to 

the nature of the formed passive film on the surface, indicating the presence of more dense 

and protective passive layer on the as-printed surface, consistent with the results from the 

Bode plots (Figure 2-15a) and potentiodynamic polarization results (Figure 2-9).  

Comparing the capacitive arc of the as-ground DMLS surface to that of the as-ground 

cast alloy indicates a larger capacitive arc for the DMLS alloy, which is associated with 
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the large areas of Si and other IMCs on the surface of the cast sample that form galvanic 

couples with the surrounding α-Al matrix. 

 

 

Figure 2-15:  EIS spectra, (a) Z modulus and Nyquist plot of DMLS-AlSi10Mg_200C 

and A360.1 cast samples in 3.5 wt.% NaCl solution for the different surface finishes. 

 

2.5 Discussion  

The corrosion resistance of the DMLS-AlSi10Mg_200C alloy was found to be superior to 

its cast counterpart (A360.1 cast alloy) and also dependent on its surface finish. In addition, 

the as-printed DMLS samples showed a better corrosion resistance than the as-ground ones. 

The localized corrosion of the A360.1 alloy primarily occurred at the interface between 

iron-containing IMCs, i.e. Al15(Fe,Mg)3Si2 and Al5FeSi, and the α-Al matrix with less 
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intense corrosion between Si particles and the Al-matrix, dictated by the potential 

difference as well as the conductivity of the precipitates relative to the α-Al matrix. These 

results are in contrast with the results reported by Revilla et al. [21], in which a similar 

value of corrosion potential was reported for a SLM-AlSi10Mg alloy and AA4420 cast Al 

alloy with analogous composition despite their significantly different microstructure and 

phase distribution. The authors [21] ascribed this behavior to the comparable chemical 

composition of the alloys. However, all the individual micro-constituents and 

microstructural features are known to contribute to the final corrosion potential of the 

component, as evidenced in the current study. Cabrini et al. [19] also reported different 

corrosion potentials for DMLS-AlSi10Mg after various post heat treatment processes even 

though the chemical composition remains constant.    

The obtained microstructure from the DMLS process was found to be extremely fine 

characterized by the cellular dendritic structure of α-Al matrix containing Si particles along 

the interdendritic regions. The fast solidification of the melt pool during the DMLS process 

remains the Al matrix saturated by the alloying elements, i.e. Fe, Mg, Cu, etc., and the 

remaining silicon segregates along the interdendritic regions. In the HAZ between two 

adjacent melt pools, the eutectic Si precipitates coarsen and turn into idiomorphic crystals 

as a result of high temperature experienced during the process from the adjacent MP, 

leading to an increase in the diffusion rate of Si in this region. The potentiodynamic 

polarization testing confirmed that the selective corrosion of the as-ground DMLS 

specimen predominantly occurred between the melt pool boundaries (the laser tracks), 
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where the Si network is coarsened. This is attributed to the nobility of the Si phase 

compared to the α-Al matrix [70]. Osório et al. [75] also reported that corrosion resistance 

of Al-Si alloy decreases by increasing the Si content. This was associated with increasing 

the fraction of very fine eutectic Si particle, leading to a higher corrosion rate [75]. This is 

in agreement with the observed preferential corrosion in the melt pool borders of the 

DMLS-produced sample in this study, where a higher concentration of Si present as an 

individual phase and not in solid solution form (see Figure 2-13 and Figure 2-14). A similar 

observation was reported by Cabrini et al. [22,24] after potentiodynamic polarization 

testing of DMLS-AlSi10Mg samples in diluted Harrison solution. The local Volta potential 

analysis results from SKPFM testing by Revilla et al. [21], further confirmed a greater 

potential difference between α-Al matrix and the Si phase in the melt pool boundaries of 

SLM-AlSi10Mg alloy with coarser microstructure, representing a higher driving force for 

galvanic corrosion.  

Furthermore, the higher concentration of Fe, Cu, Mg, and Zn alloying elements in the 

A360.1 alloy compared to the DMLS-AlSi10Mg_200C alloy should not be neglected. In 

addition to the significant difference between the solidification rate of the DMLS and die-

casting processes, the existing compositional discrepancy (~ 0.8 wt.% Fe, 0.6 wt.% Cu, 0.4 

wt.% Zn, and 0.2 wt.% Mg) also contributes to the observed microstructural differences in 

these alloys, and directly influence the electrochemical properties of the alloys. Higher Fe 

and Cu content of the A360.1 cast alloy promotes formation of Fe and Cu containing 

intermetallic compounds, which causes detrimental effects on both mechanical and 
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corrosion properties of the cast alloy. The effect may be less detrimental at very high 

solidification rates (e.g. DMLS process), but as the solidification rate decreases (DMLS  

die-casting), the alloy experiences serious loss of corrosion resistivity and mechanical 

properties [76]. Pius [77] reported that an increase in the Fe content of A356 cast Al alloy 

from 0.84 wt.% to 1.8 wt.% results in an increase in the volume fraction of intermetallic 

compounds from 4.2% to 8.6%. Although, Cu addition generally improves mechanical 

properties of Al-Si-Mg alloys, i.e. ultimate tensile strength and hardness, which results in 

improved machinability of the alloy [78], it can reduce corrosion and stress corrosion 

resistivity of the alloy [78]. Therefore, lower concentration of Fe and Cu in the DMLS-

AlSi10Mg_200C alloy also contributes to the improved corrosion performance of the alloy 

relative to that of the A360.1 cast alloy. The low content of Zn element in A360.1 cast alloy 

is only an acceptable impurity element and it does not impact neither the mechanical 

properties nor the corrosion performance of the alloy [78]. The slightly higher Mg 

concentration in A360.1 cast alloy than the DMLS alloy can provide improved 

strengthening and work hardening characteristics to the alloy. It can also enhance corrosion 

resistivity of the alloy by minimizing the formation of detrimental AlFeSi intermetallic 

compound [64]; however, the impact was not significant enough to dictate the general 

corrosion behavior of the cast alloy.      

In the case of as-printed DMLS produced specimen, the impedance response of the 

samples (Figure 2-15) confirmed the existence of a more protective passive layer on the 

surface as evidenced by its high impedance values at low frequencies than that of the 
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ground DMLS surface, which is in accordance with the potentiodynamic polarization test 

results. As shown in Figure 2-3, the as-printed sample is covered by the accumulated 

partially melted powder particles. The surfaces of the powders are heavily oxidized as 

evidenced by the SEM-EDX concentration maps of oxygen from the surface of the as-

printed sample relative to that of the as-ground DMLS produced surface (Figure 2-16). 

Similar observation for the AlSi10Mg gas atomized powders used for DMLS process was 

noted by Olakanmi [79]. The stable passive layer on these particles covers the whole 

surface and protects the rest of the materials from further oxidation, as evidenced by the 

wide passive range of the as-printed DMLS sample shown in Figure 2-9. The grinding of 

the as-printed DMLS sample removes the partially melted powder particles, which acted 

as a protective barrier against corrosion on the surface, leaving the as-ground surface 

containing highly active cathodic sites (melt pool boundaries) directly in contact with the 

corrosive environment. Once the active cathodic sites on the surface of the DMLS sample 

or cast sample are exposed to the electrolyte, active nucleation of pits around the Si or other 

IMCs is initiated. This describes the low impedance of both the as-ground DMLS and cast 

alloys. Therefore, not only the post-grinding of the as-printed DMLS manufactured 

components is laborious and very difficult over complex shapes, but also it degrades 

corrosion property of the sample at the early stage of immersion.  

In addition, the microstructure of the powders, as shown in Figure 2-17 confirms a 

coarser dendritic structure with an average cell size of 2.7 ± 0.5 µm for the powders than 

that of the as-ground DMLS produced specimen (Figure 2-5). It has been reported that the 
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coarser dendritic structure of the Al-Si-Mg alloys tends to yield higher corrosion resistance 

than the finer structure with the more extensive distribution of the eutectic mixture [75]. 

This is another compelling evidence for higher corrosion resistivity of the as-printed 

DMLS produced sample than the as-ground one. Nonetheless, these results are not 

consistent with the results reported by Cabrini et al. [22] in which an improved corrosion 

resistance was reported for the DMLS-AlSi10Mg sample 48 h after polishing the as-printed 

surfaces using 0.1 µm alumina. In a similar study, Leon and Aghion [25] reported a reduced 

corrosion resistance for the as-printed SLM-AlSi10Mg alloy compared to its polished 

counterpart. The authors in both works [22,25] associated this behavior with the surface 

porosities, roughness, and formation of less protective oxide layer on the sample during 

the DMLS process. However, an opposite behavior was detected in the current study. To 

clarify this, two major differences can be noted between the tested samples in this study 

compared with those in previous studies [22,25]. The first difference is that in the current 

study, electrochemical testing was performed 1-2 h after grinding the surfaces, compared 

to 48 hr remaining of the polished samples in air in the previous study prior to the corrosion 

testing [22]. However, this should not contribute to the observed differences in corrosion 

behaviors of the samples, since it was reported that formation of Alumina (Al2O3) on the 

surface of fresh as-ground/as-polished Al is a rapid thermodynamic process at room 

temperature under ambient pressure, which grows rapidly to a limiting thickness of 32 Å 

after 10 min of exposure [80]. Longer exposure time was reported to lead to very slow 

growth of the oxide layer thickness (40 Å after three months) [80]. Therefore, the thickness 
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of the formed protective oxide layer on the DMLS samples was approximately consistent 

in both studies and cannot contribute to the observed differences in their corrosion 

resistance. The other distinction is the obtained surface roughness from 600 SiC grit finish 

in this study versus 0.1 µm alumina polished surfaces in the previous study [22]. Clearly, 

the as-ground surface finish has a higher surface roughness than the as-polished surface. 

This simply results in an increased contact area of solid-liquid interface on the as-ground 

sample during electro-chemical testing and leads to an enhanced corrosion current density 

and corrosion rate.   

It is worth noting that the polished-finish printed surfaces were not investigated in this 

study, primarily due to the fact that polishing of large printed industrial components with 

complex geometries to a mirror finish surface is impractical.  

 

  

Figure 2-16: The SEM micrographs of (a) the as-printed and (b) as-polished 

AlSi10Mg_200C samples. The enclosed images show the oxygen concentration maps 

taken from the surface of each sample. 
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Figure 2-17: Cross-sectional SEM micrographs of AlSi10Mg_200C powder used in this 

study. 

 

2.6 Conclusions 

In this study, corrosion behavior and microstructure of AlSi10Mg_200C alloy produced by 

DMLS versus its cast counterpart, die cast A360.1 Al alloy, were investigated using 

potentiodynamic polarization testing and electrochemical impedance spectroscopy. The 

impact of surface grinding on the sensitivity of this alloy to corrosion attack in the presence 

of chloride was also studied. The results of this study contributed to the following 

conclusions:    

1. The microstructure of DMLS-AlSi10Mg_200C sample was found to be entirely 

different from its heavily precipitated A360.1 die cast counterpart characterized by a 
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cellular dendritic structure composed of dendrites of the α-Al solid solution and the 

interdendritic Si particles.  

2. Corrosion of the cast alloy revealed severe localized corrosion of the Al matrix in the 

periphery of the Fe containing IMC and Si flakes as well as corrosion of the Mg-

containing IMC. 

3. As-printed and as-ground DMLS-AlSi10Mg_200C samples showed significantly 

better corrosion resistant, i.e. higher corrosion potential accompanied by lower 

corrosion current densities, to the chloride containing environment than A360.1 cast 

alloy. This was mainly attributed to the fine microstructure, uniform distribution of 

fine Si particles without the formation of any intermetallic resulted from extremely 

rapid cooling and solidification rate during DMLS process, and also the lower Fe and 

Cu content of the DMLS alloy than its cast counterpart. 

4. Selective corrosion (galvanic corrosion) of the α-Al matrix in the melt pool 

boundaries of the DMLS produced sample, where Si particles separate as idiomorphic 

crystals, was observed.  

5. The corrosion performance of the DMLS-AlSi10Mg_200C was also found to be 

dependent on its surface finishing. The improved corrosion resistance of the as-

printed DMLS sample compared to the as-ground one was mainly attributed to the 

coverage of the surface by the accumulated partially melted, heavily oxidized powder 

particles with coarse dendritic structure, which contributes to the formation of a more 

protective passive film on its surface, as evidenced by the EIS results. 
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Chapter 3 

Effects of Surface Finishing Procedure on Corrosion Behavior of DMLS-

AlSi10Mg_200C Alloy vs Die Cast A360.1 Aluminum2   

 

3.1 ABSTRACT 

In this study, the impact of surface finishing procedure on corrosion resistance of 

AlSi10Mg_200C alloy manufactured through direct metal laser sintering (DMLS) versus 

its die cast counterpart was investigated. The as-printed DMLS-AlSi10Mg_200C and as-

cast A360.1 alloys were subjected to various surface finishing processes including grinding 

and sandblasting. The corrosion performance of the surfaces was then evaluated using 

potentiodynamic polarization test and electrochemical impedance spectroscopy in aerated 

3.5wt.% NaCl solution. The results highlighted better corrosion resistance of DMLS-

AlSi10Mg_200C than its cast counterpart with similar surface finish. The grinding of both 

as-printed DMLS and as-cast samples was found to initially deteriorate the corrosion 

performance of the surface by exposing cathodic sites to the electrolyte. However, for 

longer immersion times and after complete repassivation of the surface, the ground surface 

showed the highest resistance to the selective attack. Sandblasting process was found to 

have a detrimental effect on corrosion resistance of both alloys.  

                                                 

2 P. Fathi, et al., JOM (Journal of The Minerals, Metals & Materials Society) (Impact Factor: 

2.471), 2019, (5), pp. 1748-1759 [89]. 

P. Fathi, et al., International Conference on Aluminum Alloys (ICAA16), June 17-21, 2018, 

Montreal. 
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3.2 Introduction 

Direct Metal Laser Sintering (DMLS), also known as Selective Laser Melting (SLM) [1], 

or Laser Metal Fusion (LMF) [3], is an additive manufacturing process that utilizes a 

precise, high-power laser to micro-join powdered metals and alloys layer by layer to form 

almost fully dense and functional components in three dimensions from 3D computer-aided 

design data. Complex geometries not possible with conventional manufacturing processes 

can be readily manufactured with high accuracy using the DMLS process with no need for 

time-consuming tooling.  

The use of light-weight, high-strength Al alloys in modern manufacturing has 

drastically increased during the last two decades. Among these alloys, Al-Si-Mg alloys are 

widely used in transportation applications, particularly for the automotive, marine, and 

aerospace industries, because of their high strength and stiffness-to-weight ratio, low 

density, and good corrosion resistance [7]. In addition, having excellent fluidity, cast 

ability, and recycling potentials have made these alloys great candidates for additive 

manufacturing through DMLS process [39]. In particular, Al-Si10-Mg alloy is extensively 

fabricated using the DMLS process primarily due to its reduced coefficient of thermal 

expansion, leading to low solidification shrinkage and reduced susceptibility to hot 

cracking during solidification. So far, the major research on this alloy has been focused on 

the evolution of microstructure and mechanical properties of the alloy processed through 

various DMLS processing parameters, where very little work has been done to understand 

the corrosion behavior of the DMLS-AlSi10Mg alloy.  



 

 49 

The impact of microstructure on the corrosion resistivity of additively manufactured 

AlSi10Mg alloy has been researched in a few recent studies. Cabrini et al. [19] investigated 

the impact of different post-heat treatments, i.e., stress relieving and high temperature 

annealing followed by water quenching, on corrosion behavior of DMLS-AlSi10Mg alloy. 

The authors demonstrated that the low temperature stress relieving at 537 K does not affect 

the susceptibility of the alloy to the selective attack in Harrison solution. However, high 

temperature annealing at 823 K was reported to promote localized corrosion attack resulted 

from accelerated galvanic coupling between the coarse Si particles and surrounding Al 

matrix. In a recent study, Fathi et al. [32] discussed the corrosion behavior and 

microstructure of AlSi10Mg_200C alloy manufactured through DMLS vs its conventional 

cast alloy with similar composition (A360.1), and reported a noticeably improved corrosion 

resistance to a chloride containing environment for the DMLS alloy than A360.1 cast alloy, 

which was attributed to the fine microstructure and uniform distribution of Si particles with 

no evidence of formation of strongly cathodic intermetallic compounds (IMCs) in the 

DMLS microstructure [32]. Cabrini et al. [22] have also evaluated the effect of building 

direction combined with different surface finishing, including mechanical polishing and 

shot peening, on corrosion resistivity of DMLS-AlSi10Mg alloy. An improved corrosion 

resistance was reported for the polished as well as smooth shot-peened surfaces relative to 

that of the rough as-printed ones. Additionally, the authors reported a reduced corrosion 

resistance of the surfaces parallel to the building direction, which was attributed to the 

higher density of the melt pool borders containing a higher concentration of coarser Si 
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particles [22]. The local Volta potential analysis results taken from the melt pool borders, 

reported by Revilla et al. [21], confirmed a higher potential difference between the Si phase 

and the α-Al matrix in the border regions with coarser structure, representing a greater 

driving force for galvanic corrosion.  

In a similar study, Leon and Aghion [25] explored the effect of surface roughness on 

both general corrosion and corrosion fatigue behaviors of additively manufactured 

AlSi10Mg processed through SLM, by comparing the as-printed surfaces with the polished 

ones. An improved corrosion resistance and a higher low cycle corrosion fatigue life span 

were reported for the polished surfaces over the as-printed ones, associated with the 

increased surface roughness of the as-printed sample [25]. Despite the above mentioned 

two studies by Cabrini et al. [22] and Leon and Aghion [25] were focused on the impact 

of surface quality on the corrosion behavior of additively manufactured AlSi10Mg, yet, a 

comprehensive study is needed to understand the influence of commonly used surface 

finishing procedures, such as post grinding or sandblasting, on the corrosion behavior of 

additively manufactured AlSi10Mg alloy. There is no previous investigation on the 

corrosion performance of DMLS-AlSi10Mg subjected to the post-grinding or sandblasting 

process.   

This study is aimed to investigate the impact of surface finishing on corrosion 

performance of AlSi10Mg_200C alloy manufactured through DMLS versus its cast 

counterpart, A360.1 aluminum. Various surface finishing processes, including grinding 

and sandblasting, were studied using potentiodynamic polarization testing and electro-
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chemical impedance spectroscopy (EIS). The results of this study will help to understand 

the dominating factors (surface morphology vs microstructure) in controlling the 

electrochemical behavior of the DMLS-AlSi10Mg material in the marine environment.  

 

3.3 Materials and methods 

 Materials  

The tests were carried out on 10 × 10 × 10 mm cubes (see Figure 3-1a) fabricated through 

DMLS process from a gas atomized commercial AlSi10Mg_200C powder with average 

particle size of 8.8 ± 7 µm from EOS, containing 9–11 wt.% Si, 0.2–0.45 wt.% Mg, less 

than 0.55 wt.% Fe and Mn, Bal. Al, using an EOS-M290 metal 3D printer machine. The 

DMLS was executed in an argon atmosphere (oxygen content of 0.1%) and elevated 

building platform temperature of 200°C, to minimize the oxidation and the internal 

stresses, respectively, during the manufacturing process. Other processing parameters 

include laser power of 370 W, scanning speed of 1300 mm/s, hatching distance of 190 µm, 

and powder layer thickness of 30 µm using strip scanning strategy with 67° laser beam 

rotation between successive layers.  

The as-fabricated samples provided the as-printed surface condition. Some of the as-

printed samples were subjected to mechanical grinding using 600 grit SiC abrasive paper. 

This provided the ground surface finish samples. The rest were subjected to sandblasting 

using a Vaniman micro-abrasive sandblaster, to remove sticky partially melted powders 

from the surface (sandblasted samples). For this study, 100 µm size aluminum oxide 
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abrasive blasting media was chosen as the abrasive particle. With the distance of 10 mm 

between the surface and the blasting nozzle, the surfaces were blasted perpendicularly 

under the pressure of 100 psi. Further, the same size cubes were sectioned from a die cast 

A360.1 Al ingot (AlSi10Mg cast alloy counterpart) composed of 9–10 wt.% Si, 0.4–0.6 

wt.% Mg, 1.3 wt.% Fe, 0.35 wt.% Mn, 0.5 wt.% Zn, 0.6 wt.% Cu, Bal. Al. To fabricate 

ground and sandblasted surface conditions on the cast samples, similar mechanical 

grinding and sandblasting procedures to those of the DMLS samples were applied for the 

cast samples. All the samples were ultrasonically cleaned in acetone prior to the 

electrochemical tests. 

 

Microscopic characterization 

For microstructural and compositional analysis of the samples, an FEI-MLA-650F 

scanning electron microscope was used. To prepare the samples for microscopic analysis, 

the samples were mounted in an epoxy resin followed by standard grinding and polishing 

sample preparation procedures for Al alloys. The polished specimens were then etched 

using Keller’s reagent.   

  

Electrochemical measurements  

Potentiodynamic polarization measurements of the samples with different surface finishes 

were carried out using an IVIUM-CompactStat™ computer-controlled Potentiostat 



 

 53 

connected to a three-electrode cell setup in a multiport glass cell at atmospheric pressure 

based on the ASTM G5-94 standard [53]. The three-electrode cell configuration includes 

a graphite rod as the counter electrode (CE), a saturated Ag/AgCl as the reference electrode 

(RE), and the sample as the working electrode. The test electrolyte was aerated 3.5 wt.% 

NaCl solution to simulate seawater corrosion environment. The corrosion cell was placed 

in a temperature-controlled water bath to control the solution temperature at 25±0.5 °C. 

After immersion in the solution, the open circuit potential (OCP) was monitored for 1 hr 

for stabilization before the potentiodynamic polarization test. The scans were performed 

from −0.3 V to +0.3 V versus the OCP with a scanning rate of 0.125 mV/s. Repeatability 

of the results was measured by testing at least three samples. To study the corrosion 

morphology resulted from the potentiodynamic polarization test, the formed corrosion 

products on the surface were removed by immersing the samples in a concentrated HNO3 

solution (15.8 N) in an ultrasonic bath for 15 min [54]. EIS measurements were also 

conducted for immersion times ranging from initial immersion to 96 hr, every 24 hr in 

aerated 3.5 wt.% NaCl solution at 25 °C, with the amplitude perturbation of ±10 mV 

(sinusoidal potential signal) with respect to the OCP and a frequency range of 10 kHz to 

10 mHz with ten points per decade. The impedance spectra were analyzed using the 

IVIUMSOFT electrochemical analysis software.    
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3.4 Results and Discussion 

Surface morphology and microstructure  

Figure 3-1a shows the as-printed DMLS-AlSi10Mg_200C cubic samples used in this 

study. The SEM micrographs from the surface of the DMLS-AlSi10Mg_200C at various 

surface conditions are presented in Figs. 1b–d. The as-printed surface (Figure 3-1b) 

demonstrates a high degree of surface irregularities resulted from the attachment of 

partially melted powder metal particles to the surface during the DMLS process creating a 

superficial roughness on the surface in as-printed condition.Figure 3-1c and Figure 3-1e 

show the surface morphology of the sandblasted DMLS-AlSi10Mg_200C and A360.1 cast 

alloy, respectively. Sandblasting eliminates the partially melted particles from the surface. 

Meanwhile, it introduces randomly deformed areas on the surface generated as the 

aluminum oxide blasting media impacts the surface. Non-regular peaks and valleys are 

clearly visible on the sandblasted surfaces. As shown in Figure 3-1d, similar to 

sandblasting, the mechanical grinding of the surface using 600 grit SiC abrasive paper has 

also reduced the as-printed surface roughness. The ground surface is characterized by one 

direction oriented trenches formed during surface preparation. The energy dispersive X-

ray (EDX) analysis results also confirmed that surface chemical compositions of both 

DMLS and cast samples are independent from their surface finish and were found to be 

similar for all the DMLS samples (10.80±0.20 wt.% Si, 0.35±0.05 wt.% Mg, 0.50±0.04 

wt.% Fe, Bal. Al) and all the cast samples (9.82±0.35 wt.% Si, 0.50±0.10 wt.% Mg, 
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1.02±0.15 wt.% Fe, 0.30±0.06 wt.% Mn, 0.45±0.08 wt.% Zn, 0.38±0.09 wt.% Cu, Bal. 

Al).  

 

 

  

  

Figure 3-1: (a) DMLS-AlSi10Mg_200C cubes used in this study. SEM images of DMLS-

AlSi10Mg_200C surface in (b) as-printed, (c) sandblasted, and (d) ground conditions. 

Sandblasted surface of A360.1 cast alloy is shown in (e). 
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Figure 3-2a shows the SEM micrographs of the side view of the DMLS-

AlSi10Mg_200C (the y-z plane in Figure 3-1a). All electrochemical measurements in this 

study were only conducted on the y-z plane since Cabrini et al. [22] reported higher 

susceptibility of this plane to selective corrosion attack in a chloride containing 

environment than the x-y plane (Figure 3-1a), primarily due to existence of high density of 

melt pool boundaries on this plane. The microstructure of the DMLS alloy (Figure 3-2a) 

was characterized by very fine cellular dendritic structure (~ 0.5–2 µm) with non-

equilibrium directional solidification features composed of supersaturated α-Al cellular 

grains and a continuous network of Si phase formed at the intercellular region (confirmed 

by the EDX-maps shown in Figure 3-2a), resulted from very high cooling rates during 

solidification. As shown inFigure 3-2a, the cell size changes over the melt pool (MP) from 

the melt pool center with finer structure (MP-Fine) towards the border with coarser cellular 

structure (MP-Coarse). A very thin band of heat affected zone (HAZ) (~ 5 µm wide), 

characterized by broken intercellular network resulted from coarsening of Si phase into 

idiomorphic crystals, was also detected around each melt pool. This non-uniform cell 

structure is attributed to the thermal gradient generated by the moving heat source of the 

DMLS process.  

The SEM micrograph of the A360.1 cast alloy and its corresponding EDX 

concentration maps (Figure 3-2b) showed a conventional casting microstructure, 

containing α-Al matrix, coarse flakes of Si, and several intermetallic compounds including 

β-AlFeSi platelets, α-AlFeSiMg with a Chinese script morphology, and AlMgSiCu with 
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honeycomb structure. An extensive microstructural analysis of the DMLS-

AlSi10Mg_200C vs A360.1 cast alloy was described in a recent work by Fathi et al. [32], 

confirming that the unique solidification behavior of material during the DMLS process 

promotes the formation of extremely fine cellular structure. 

 

 

 

Figure 3-2: The SEM micrographs and EDX concentration maps taken from (a) DMLS-

AlSi10Mg_200C and (b) A360.1 cast Al alloy. 
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Potentiodynamic results  

Figure 3-3 shows the potentiodynamic polarization behavior of all the specimens with 

various surface finishing. To allow the stabilization of the OCP, measurements were started 

1 hr after immersion in aerated 3.5 wt.% NaCl solution. The extracted data from the 

potentiodynamic polarization measurements, including the corrosion potentials, 

polarizations resistance, anodic and cathodic slopes, and corrosion current densities are 

listed in Table 3-1. The anodic branch of the Tafel plots shown in Figure 3-3 demonstrates 

pitting corrosion characteristics for the DMLS samples, where a slight increase in the 

applied potential induces a rapid increase in the anodic current, meaning 𝐸𝑃𝑖𝑡. ≅ 𝐸𝐶𝑜𝑟𝑟.. 

Therefore, surface pitting can be freely initiated at the corrosion potential for the DMLS 

samples. This active behavior of the surface is more pronounced for the ground and 

sandblasted DMLS-AlSi10Mg_200C samples. For the as-printed sample, a very narrow 

passive region above the corrosion potential (between Ecorr. and Ecorr. + 0.05 VAg/AgCl) was 

detected for some of the tested samples (shown in Figure 3-3), that can be neglected since 

the measured standard deviation value for the corrosion potentials for this sample (±0.12 

VAg/AgCl) was greater than the observed narrow passive window (0.05 VAg/AgCl). Similar 

active-like behavior was also observed by Cabrini et al. [22] for the as-printed additively 

manufactured AlSi10Mg alloy. On the contrary, Cabrini et al. [22] reported a wide passive 

region for the polished DMLS-AlSi10Mg surfaces. The corrosion potential of the DMLS-

ground surface was only slightly higher (~ 46-64 mV) than the other surface finishes. These 
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minor differences in corrosion potentials and pitting potentials is an indication of similar 

corrosion mechanisms for all DMLS samples with different surface finishes.  

The polarization curves of the cast samples show that the corrosion potential has shifted 

to more active values and is characterized by a wider passive region, confirming a low 

likelihood of pit nucleation. For both sandblasted and ground A360.1 cast alloy, the passive 

film breakdown potential (Epit) remained approximately stable (~ 0.705 VAg/AgCl), 

suggesting that the corrosion layer composition stayed unchanged. On the other hand, the 

pitting potential of the samples varies from the DMLS samples to the cast alloy, an 

indication for having passive films with different chemical compositions, since the pitting 

potential is only dictated by the corrosion layer composition, as reported by Szklarska-

Smialowska [47]. 

As the surface condition of the DMLS samples varies from the as-printed surface to the 

sandblasted one and from the sandblasted to the ground surface, the corrosion current 

density increases (see Table 3-1). Therefore, surface grinding of the as-printed DMLS-

AlSi10Mg_200C led to a loss of corrosion resistance in just immersed condition.  

As a general trend, the DMLS fabricated samples showed better corrosion resistance 

with lower corrosion current density than those of the cast samples with similar surface 

finishes.  
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Figure 3-3: Potentiodynamic polarization curves for the as-printed, ground, sandblasted 

AlSi10Mg_200C, and sandblasted and ground A360.1 cast alloy in aerated 3.5 wt.% 

NaCl environment. 

 

The surface morphology of the samples after potentiodynamic polarization testing 

followed by the corrosion products removal is shown in Figure 3-4. The as-printed DMLS-

AlSi10Mg surface, which demonstrated the minimum corrosion current density, confirmed 

a trivial attack on the surface (Figure 3-4a) with no indication of pitting corrosion. 

Although the sandblasting created a smoother surface finish than the as-printed surface and 

eliminated the surface porosities (compare Figure 3-1b with Figure 3-1c), it has introduced 

a superficial roughness. As shown in Figure 3-4b andFigure 3-4d, some localized corrosion 

attack and surface pitting were noticed on both sandblasted surfaces, but not as severe as 
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those of the ground surfaces (Figure 3-4c and Figure 3-4e). The DMLS ground surface 

(Figure 3-4c and Figure 3-4f) experienced a selective attack along the heat affected zone 

(boundaries of the melt pools), where enrichment of the Si phase (shown by the white 

arrows on the Si concentration map in Figure 3-4f) and coarsening and breakage of the Si 

network into an idiomorphic phase were detected (see Figure 3-2a). Fathi et al. [32] 

attributed this behavior to the nobility of the Si relative to the α-Al matrix, which triggers 

the micro-galvanic corrosion of anodic α-Al matrix along the heat affected zones. The 

corroded surface of the ground A360.1 cast alloy (Figure 3-4e and Figure 3-4g) evidenced 

severe corrosion and large pitting of the α-Al matrix at the periphery of the cathodic Si 

particles and other IMCs shown in Fig. 2b. A detailed study of the corrosion morphology 

of A360.1 cast alloy is reported in a previous work by Fathi et al. [32].   

 

Table 3-1: Potentiodynamic polarization parameters collected from just immersed 

DMLS-AlSi10Mg_200C and A360.1 Al alloys in aerated 3.5 wt.% NaCl solution 

Surface 

finishing 

Corrosion 

potential 

(VAg/AgCl) 

Polarization 

resistance 

(Ω) 

Anodic 

slope 

(V/dec) 

Cathodic 

slope 

(V/dec) 

Corrosion 

current density 

(A/cm2) 

DMLS-As 

Printed 

-0.770 

± 0.120 

2955 

± 470.850 

0.034 

± 0.007 

0.192 

± 0.037 

1.146 ± 0.172 

×10-6 

DMLS-

Sandblasted 

-0.752 

± 0.130 

438 

± 40.720 

0.012 

± 0.009 

0.424 

± 0.041 

3.497 ± 0.420 

×10-6 

DMLS-

Ground 

-0.706 

± 0.077 

686.4 

± 77.231 

0.029 

± 0.003 

0.350 

± 0.042 

4.775 ± 0.524 

×10-6 

Cast-

Sandblasted 

-0.832 

± 0.095 

720.3 

± 57.624 

0.159 

± 0.004 

0.265 

± 0.055 

4.645 ± 0.670 

×10-6 

Cast-

Ground 

-0.980  

± 0.078 

162.9 

± 14.665 

0.062 

± 0.005 

0.476 

± 0.048 

31.05 ± 2.640 

×10-6 
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Therefore, the corrosion morphology of the samples and the severity of the corrosion 

attack are in agreement with the potentiodynamic polarization results, confirming the 

ground surface to be highly susceptible to localized corrosion attack and the as-printed and 

the sandblasted surfaces to be more resistant. Fathi et al. [32] indicated that the improved 

corrosion resistivity of the as-printed surface at the initial stage of immersion is attributed 

to the coverage of the surface by the accumulated heavily oxidized powder particles with 

coarse dendritic structures that protect the surface from further oxidation.   
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Figure 3-4: SEM micrographs after the potentiodynamic polarization test: (a) as-printed, 

(b) sandblasted, (c) ground DMLS-AlSi10Mg_200C surface, and (d) sandblasted, and (e) 

ground A360.1 cast alloy. EDX concentration maps taken from the ground (f) DMLS-

AlSi10Mg and (g) A360.1 cast sample after the polarization test. 

 

 Electrochemical impedance spectroscopy results 

The EIS tests were carried out to evidence the protectiveness of the passive film on all the 

samples after various immersion times. The impedance spectra over time are presented in 

Figure 3-5 for the as-printed, ground, and sandblasted DMLS-AlSi10Mg_200C, as well as 

sandblasted and ground A360.1 cast alloy. For the samples just immersed in the electrolyte 

solution (t = 0 hr), the Bode plots show significantly lower absolute values of impedance 

(|Z| Ωcm2) for both ground DMLS-AlSi10Mg_200C and ground A360.1 cast sample than 

the as-printed and sandblasted ones at lower frequency range, where the as-printed surfaces 

show the highest resistance with more than one order of magnitude higher values of |Z| 
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than the sample with the ground surface, corroborating a slow kinetic for the corrosion 

reactions. The observed superior impedance of the as-printed sample in just immersed 

condition is also in agreement with the polarization graphs of the samples in Figure 3-3, 

confirming the lowest corrosion current density for the as-printed sample. 

The general trend of the impedance with increasing immersion time for the as-printed 

and sandblasted surfaces for both DMLS and cast alloys (Figure 3-5a-Figure 3-5e) was 

found to be similar confirming a decrease in the modulus of impedance at low frequencies. 

However, both ground surfaces showed a different behavior compared to the as-printed or 

the sandblasted ones. As evidenced in Figure 3-5, the DMLS-ground specimen showed an 

increase of the absolute value of the impedance by two orders of magnitude at low 

frequencies with increasing the immersion time from 0 hr (just immersed) to 48 hr. This 

increase in the impedance value of the ground surface with the exposure periods exhibited 

the growth of protective passive film thickness and improvement in the film’s resistivity 

towards diffusion of aggressive ions, through the passive layer, as proposed by Onofre-

Bustamante et al. [74]. After 72 hr, the modulus of impedance reaches values slightly lower 

than 105 Ωcm2, indicating still a slow kinetics for corrosion reactions and low corrosion 

rates. Longer immersion times (96 hr) for the ground surface causes a slight decrease in its 

absolute value of impedance at low frequencies. Very similar behavior but at one order of 

magnitude lower impedance value was detected for the cast-ground sample.  

The phase angle vs frequency plots in Figure 3-5 of the DMLS-AlSi10Mg_200C and 

A360.1 cast alloy with different surface finishing confirmed a typical behavior of passive 
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aluminum characterized by a broad and apparent capacitive peak in the frequency range 

between 0.1–100 Hz. Jafarzadeh et al. [81] reported that for aluminum alloys, such wide 

peaks are ascribed to the superposition of two individual peaks with non-discriminated time 

constants, one at a lower frequency and the other at a higher frequency. The peak 

(capacitive loop) at the lower frequency determines the diffusion through the passive layer 

and inside the localized corroded areas, whereas the peak at the higher frequency can result 

from the sealing effect of the corrosion film in active areas, such as surface porosities. Such 

separated capacitive loops can be clearly detected for sandblasted surfaces in just immersed 

condition (Figure 3-5a) or the as-printed DMLS sample after 96 hr of immersion time 

(Figure 3-5e).  

It is worth noting that for the ground surface, the maximum phase angle has shifted 

towards the lower frequencies by increasing immersion time, which is another indication 

for the formation of double layer capacitance and a decrease in active anodic surface area, 

as reported by Lee et al. [82].  
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Figure 3-5: EIS spectra of DMLS-AlSi10Mg_200C and A360.1 Al alloys with different 

surface finishes: (a) right after immersion, and after (b) 24 hr, (c) 48 hr, (d) 72 hr, and (e) 

96 hr of immersion time in aerated 3.5 wt.% NaCl solution. 

 

From the Nyquist plots (Zim vs. Zre) in Figure 3-5, the diameter of capacitive arcs for 

the as-printed DMLS sample and both DMLS and cast sandblasted samples has decreased 

considerably with exposure time. In contrast, for the ground surfaces (Figure 3-5), the 

dimension of the capacitive arc increases with exposure periods up to 48 hr and then 

decreases for longer immersion times (96 hr). For the ground surface, as the exposure time 

increases, the passivating behavior of the surface enhances as a result of the reduction in 
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the active surface area of the ground surface and the growth of passive layer, leading to an 

increase in polarization resistance. After 48 hr of exposure, the enlargement of the 

capacitive arc reaches its maximum, exhibiting higher corrosion resistance. This 

corresponds to the formation of a uniform, dense, and protective passive layer, consistent 

with the results from the Bode plots. At longer immersion times, the diameter of capacitive 

arc decreases, confirming a reduction in corrosion resistance.  

As shown in Figure 3-5, the size of the cast-ground capacitive loop was always 

noticeably smaller than that of the DMLS-ground sample for all the immersion times. This 

evidenced the formation of a passive layer with more protective nature on the surface of 

DMLS sample. However, for the sandblasted surfaces, this difference was less significant 

and a more comparable capacitive loop size was measured for the DMLS and cast alloys. 

 

 EIS spectra fitting 

The equivalent electrical circuit, shown in Figure 3-6a, was used to describe the localized 

corrosion of both alloys. A similar simplified equivalent circuit was used by Cabrini et al. 

[19] to describe the impedance graphs modifications by exposure time for DMLS-

AlSi10Mg alloy. In this circuit, Rp and Constant Phase Element (CPEp) correspond to the 

resistance and capacitive behavior of the passive layer. It is worth noting that the non-ideal 

capacitive behavior of heterogeneous interfaces is defined by using the CPE. Rpit and CPEpit 

correspond to the resistance and the constant phase element of the corroding pits, 
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respectively, and Rel is the electrolyte resistance between the test electrode (sample) and 

the reference electrode. The impedance of a constant phase element is expressed as 

𝑍𝐶𝑃𝐸 = 𝑌𝑜
−1(𝑗𝜔)−𝑛         (1) 

where Yo is the true capacitance of the protective layer (the CPE constant), ω is the angular 

frequency, and j is the imaginary unit (𝑗 = √−1). The constant n is related to the constant 

phase angle and varies between 0 and 1, as discussed by Arrabal et al. [71]. Figure 3-6b 

shows the fitting of EIS data resulted from the application of the proposed equivalent 

circuit in Figure 3-6a to the obtained experimental Nyquist data after 72 hr of immersion 

time. Table 3-2 summarizes the calculated fitted parameters of the equivalent circuit shown 

in Figure 3-6a for all the immersion times from 0 to 96 hr. 
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Figure 3-6: (a) The equivalent circuit proposed to describe the EIS data over time for the 

studied materials and (b) fitting of Nyquist plots (after 72 hr of immersion time) by 

applying the proposed equivalent circuit in (a). 
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Table 3-2: EIS parameters of the equivalent circuit shown in Figure 3-6a 

Time 

(hr) 

CPEp, Yo  

(µS Secn cm-

2) 

Rp  

(kΩ 

cm2) 

CPEpit, Yo  

(µS Secn cm-

2) 

Rpit  

(kΩ cm2) 

DMLS-As Printed 

1  13.44 16.65 23.44 7.00 

24  16.24 12.40 17.01 11.54 

48 22.27 7.58 24.37 6.59 

72 104.72 0.68 11.85 20.27 

96 50.62 2.11 29.39 4.94 

DMLS-Sandblasted 

1  23.02 7.20 63.85 1.47 

24  45.75 2.47 100.07 0.73 

48 194.14 0.26 79.73 1.04 

72 122.90 0.53 77.36 1.09 

96 130.97 0.48 43.96 2.63 

DMLS-Ground 

1  84.50 0.95 45.17 2.52 

24  6.04 57.99 6.12 56.68 

48 37.12 3.42 3.60 129.4 

72 4.88 80.71 15.30 13.61 

96 5.25 72.16 60.46 1.60 

Cast-Sandblasted 

1  86.25 0.92 26.80 5.68 

24  31.53 4.41 46.73 2.39 

48 79.72 1.04 55.27 1.84 

72 1007.53 0.02 42.21 2.80 

96 497.68 0.06 62.22 1.53 

Cast-Ground 

1  222.66 0.21 87.47 0.90 

24  44.82 2.55 42.30 2.79 

48 50.16 2.14 66.17 1.39 

72 318.92 0.12 16.39 12.22 

96 20.31 8.75 93.59 0.81 

 

Comparing the general passive layer resistance of the alloys (Rp) to the pitting 

resistance (Rpit), it is evident that the Rp of the DMLS alloy is higher than its Rpit for both 

as-printed and sandblasted surfaces up to 48 hr, which indicates that the corrosion behavior 
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initially is more dominated by the pitting attack on the surface than general uniform 

corrosion. This is consistent with the observed active behavior of the surface from the 

potentiodynamic polarization results presented in Figure 3-3. For longer immersion times, 

the pitting resistivity of the surface improves (up to 72 hr for the as-printed sample). The 

DMLS-ground sample in just immersed condition showed a very low Rp and Rpit values 

confirming a very active surface containing pits that have not been repassivated, as its Rpit 

value suggests. This is also in agreement with the detected high corrosion current density 

and lower corrosion resistivity of DMLS-ground sample than the as-printed or sandblasted 

ones during potentiodynamic polarization testing (see Table 3-1). However, after one day 

of immersion, the complete repassivation of the pits on the DMLS-ground surface is 

evident, as the comparison of Rpit values for 1 hr and 24 hr suggests, leading to an enhanced 

resistivity of the surface against both pitting and uniform corrosion attacks. As reported by 

Jafarzadeh et al. [81], the pit repassivation in aluminum alloys happens through 

simultaneous separation of cathodic regions (IMC particles or in general cathodic regions, 

such as Si particles for the AlSi10Mg alloy) from the pit location on alloy’s surface as a 

result of heavily dissolution of Al matrix around the particle, along with the buildup of the 

corrosion products. This justifies the observed increase in the impedance values by 

immersion time for the ground DMLS sample, ascribed to the formation of a more stable 

passive film on the ground surface after 24 hr of immersion in the electrolyte than the as-

printed or sandblasted surfaces. This improvement continues up to 48 hrs, but after longer 



 

 74 

immersion times (at 96 hr), the DMLS-ground surface becomes very susceptible to pitting 

corrosion attack.    

By increasing the exposure time from 48 to 72 hrs, the pitting resistance of the DMLS-

ground sample decreases considerably, which is attributed to the general removal of the 

corrosion products from the surface and the exposure of the next cathodic sites (Si) to the 

corrosive electrolyte. As the Rpit data of DMLS-ground sample at 1, 48, and 96 hr suggest, 

it is expected that the exposure of the Si particles, as the cathodic sites, and occurrence of 

repassivation happens in a cyclic manner.    

Cast samples are generally showing significantly lower Rp and Rpit values than those 

of their DMLS counterparts, confirming a more severe general corrosion and pitting 

corrosion attack on their surface. This also confirms the potentiodynamic polarization 

results in Figure 3-3. Starting from 24 hr of immersion time, the Rpit values of the 

sandblasted cast alloy indicate that the repassivation behavior was not detected even after 

96 hr of immersion time. This behavior should be mostly associated with the surface 

roughness of the sandblasted sample, since for the cast-ground sample, after 72 hr of 

immersion time, repassivation of the pits, although probably incomplete (as some degree 

of noise at very low frequencies still remained), is evident. 

In the case of cast samples, comparing the Rpit and Rp values for both sandblasted and 

ground surfaces confirms a higher pitting resistance than general passive layer resistance, 

indicating that the uniform corrosion of the cast alloy dictates over the pitting corrosion of 
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the alloy. This also confirms the observed clear passive region on the polarization curves 

of the cast samples (shown in Figure 3-3).  

Significantly low Rp and Rpit values of both DMLS and cast samples with sandblasted 

surface finish indicate a very low general passive layer resistance along with low pitting 

resistance of the surface, confirming that the repassivation of the formed pits has not been 

completed. It also indicates that for the sandblasted surfaces, the superficial roughness of 

the sample dominates over the impact of microstructure or chemical composition of the 

alloy in controlling the corrosion properties of the surface, which were reported as the main 

reason for the improved corrosion resistivity of DMLS-AlSi10Mg alloy than its cast 

counterpart by Fathi et al. [32]. Corrosion resistance degradation (both Rpit and Rp values) 

of the as-printed surfaces as a result of sandblasting can be explained by the removal of the 

stable partially melted particles from the surface with protective nature, as proposed by 

Fathi et al. [32], accompanied by the introduced surface roughness.  

Therefore, to benefit from the improved corrosion properties of the DMLS 

manufactured components for applications in harsh environments over the conventionally 

manufactured parts, post-grinding of the as-printed surfaces is strongly recommended; and 

sandblasting of the parts should be avoided. Otherwise, the superficial roughness of the as-

printed or sandblasted surfaces would dominate over the impact of microstructure and 

deteriorate the corrosion properties of the alloy significantly.  
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3.5 Conclusions 

The impact of surface finishing, i.e. as-printed surface, ground, and sandblasted surfaces, 

on the corrosion performance of DMLS-AlSi10Mg_200C samples vs its cast counterpart 

(die cast A360.1 Al alloy) was investigated in aerated 3.5 wt.% NaCl solution at 25°C. The 

following conclusions can be drawn from this study: 

1. The results highlighted improved corrosion resistance of the DMLS-AlSi10Mg_200C 

than its cast counterpart with a similar surface finish, known to be dominated by its 

finer microstructure containing only a continuous network of Si phase formed along 

aluminum intercellular regions without formation of coarse precipitates and IMC 

particles with cathodic nature relative to the α-Al matrix. This improvement was more 

pronounced after grinding than sandblasting. 

2. At the initial stage of immersion, the as-printed DMLS-AlSi10Mg_200C surface 

demonstrated the lowest corrosion current density accompanied by a minor attack on 

its surface, whereas the ground sample confirmed the highest corrosion current density 

and was characterized by a selective attack predominantly at the transition zone 

between the melt pools, where coarsening of the Si particles were observed. This was 

attributed to the existence of less protective passive film on the ground surface than the 

as-printed or sandblasted ones at the initial stage of immersion, confirmed by the EIS 

results.  

3. For longer immersion times, e.g. after 24 hr of immersion in the electrolyte, the 

corrosion behavior changed and the ground DMLS-AlSi10Mg surface demonstrated 
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the highest resistance to the selective attack, which was associated with the formation 

of a stable, dense, and thick passive film on its surface. Surface porosities and the 

superficial roughness on the surface of as-printed and sandblasted samples were found 

to be more detrimental over time and deteriorated the corrosion performance of the 

alloy, confirming the necessity of performing the post-grinding operation and avoiding 

sandblasting after additive manufacturing of Al alloy components through DMLS.   
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Chapter 4 

On Microstructure and Corrosion Behavior of AlSi10Mg Alloy with 

Low Surface Roughness Fabricated by Direct Metal Laser Sintering3 

 

4.1 Abstract 

In this study, in-depth microstructure and electrochemical properties of highly smoothed 

AlSi10Mg parts fabricated through direct-metal-laser-sintering are reported. The samples 

with the lowest surface roughness were characterized by having a periodic large and small 

melt pools (MPs) pattern in their upskin layers. Consequently, a noticeably coarser 

eutectic-Si network, Al-dendrite and grain size formed along the larger MPs’ borders, 

rationalized by their slower solidification rate. Such microstructural features were found to 

control/deteriorate the electrochemical performance of the as-printed samples than their 

surface roughness. An improved electrochemical stability for the samples that experience 

the fastest solidification rate along their MP-boundaries was revealed. 

  

 

                                                 

3 P. Fathi, et al., Corrosion Science Journal (Impact Factor: 5.238), In Press, Available online 31 

May 2019 [117].  

https://www.sciencedirect.com/science/journal/aip/0010938X
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4.2 Introduction 

In contrast to subtractive manufacturing technologies, additive metal manufacturing 

corresponds to the process of fabrication of metallic objects layer by layer using a 3D 

computer-aided design (CAD) model [1]. To accomplish this, various additive 

manufacturing techniques have been developed so far to fabricate metallic components 

using metal powder, which can be classified into two process families: 1) Selective laser 

melting (SLM) also known as direct metal laser sintering (DMLS) or selective electron 

beam melting (SEBM); 2) Laser metal deposition (LMD), also known as direct laser 

fabrication (DLF) [83]. In DMLS/SLM process, a high energy laser beam is used to 

selectively melt and join metal powder layer by layer until a fully dense and functional part 

is fabricated [84]. Likewise, the SEBM process functions based on a layer by layer 

deposition of metal powder followed by subsequent melting of each layer; however, instead 

of a laser in an argon protected atmosphere, a high energy electron beam is used as the heat 

source in a vacuum environment [85]. A DMLS/SLM fabricated part is known to have 

different properties than its SEBM fabricated counterpart, mainly ascribed to different 

heating and cooling rates that the material experiences during sintering process associated 

with each technique [83,84]. In addition, the former has been characterized by a superior 

surface finish (arithmetic average roughness (Ra) ~ 4-11 µm) in comparison with the latter 

(Ra ~ 15-35 µm) [83].      

Such initial surface roughness is known as a major drawback for adopting both SEBM 

and DMLS/SLM parts in the as-printed condition. This roughness is predominantly 
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resulted from balling and dross formation during solidification in the melt pool [27], as 

well as the attachment of partially melted powder particles to the surface of the sintered 

part [86,87]. This issue is more critical for applications that require high corrosion 

performance or fatigue strength, where having a rough surface can degrade both 

electrochemical performance and fatigue life of the material [25,26]. For such applications, 

typically the as-printed component undergoes a post-printing surface treatment process, 

such as sand-blasting [32], shot peening [27], or chemical etching [30], in which the surface 

roughness of the as-printed part is reduced. However, this requires an extra step in the 

manufacturing of the part leading to a higher production cost. Therefore, achieving the 

required surface roughness in the as-printed condition would contribute to lowering the 

fabrication costs and would make the DMLS/SLM process economically more viable 

[26,30]. This could be done through optimizing the process parameters [88], while assuring 

that the part’s integrity, i.e. mechanical properties, porosity level, corrosion performance, 

etc., has not been faded.   

The effects of DMLS process parameters, i.e. laser power, scanning speed, and 

hatching distance, on the achieved surface roughness of the as-printed DMLS-AlSi10Mg 

alloy have been investigated by Calignano et al. [27], where laser scanning speed was 

reported to have the highest impact on controlling the surface roughness of the printed part. 

The authors have also shown that shot peening using glass beads, as a post-treatment 

process, can significantly lower the surface roughness of the alloy [27]. In a similar study 

by Tian et al. [88] on SLM-Hastelloy X, the authors reported the formation of large balling 
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on the surface and an increased surface roughness at high laser scan speed as a result of 

Rayleigh instability. Increasing the energy density of the laser or reducing the scan speed 

was reported to reduce the balling effect due to the increased melt volume and decreased 

melt viscosity [88]. The authors also reported that large overlaps (large beam offset and 

small hatch distance) increase the surface roughness of the part due to more attachment of 

the particles on the surface [88].  

In our previous work [26], various combinations of DMLS process parameters 

including laser power, scan speed, hatch spacing, and laser offset distance were utilized in 

printing the last top layers (upskin layer) of AlSi10Mg parts. This was to achieve a better 

surface roughness, while the core processing parameters and consequently its properties 

were kept the same. Using higher laser energy density and lower beam offset in printing 

the upskin layers was found to reduce the surface roughness of DMLS-AlSi10Mg part 

significantly (up to five times) [26]. This improved surface roughness was also 

complemented with the reduced porosity levels of the printed part [26].  

Although the obtained mechanical properties of the parts fabricated using the same core 

parameters are possibly consistent, their electrochemical stability and corrosion resistivity 

do not follow the same trend as those are primarily controlled through the surface 

characteristics of the parts, including the surface roughness, composition, and 

microstructure of the upskin layer. The general trend between the surface roughness and 

corrosion resistance of a surface is known to be reversed, suggesting that increasing the 

surface roughness of the alloy would deteriorate the corrosion performance of the surface 
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[32]. It is noted that using different DMLS processing parameters would affect not only 

the surface roughness, but also the resultant microstructure of the printed part. Thus, the 

characterization of DMLS-AlSi10Mg parts processed through various upskin parameters 

is required to be able to identify the factors dictating the electrochemical stability and 

corrosion behavior of the printed parts. 

In a recent study [25], the corrosion and fatigue performance of SLM-AlSi10Mg were 

investigated and comparisons were conducted between as-printed and polished surface 

finishes. The authors reported an improved electrochemical stability and fatigue 

performance for the samples with a polished surface than the as-printed ones [25].     

In another previous study, Cabrini et al. [22] investigated the effects of different surface 

finishing, i.e. as-printed, shot peened, versus polished surface, on the corrosion 

performance of DMLS-AlSi10Mg alloy and reported that the polished surfaces and the 

shot peened ones have superior performance over the as-printed surfaces. The same authors 

(Cabrini at al. [24]) also performed a conversion treatment through dipping of DMLS-

AlSi10Mg parts with various surface finishes in Ce(III) salt electrolyte and concluded that 

a polished and pickled surface shows a better corrosion resistance after this conversion 

treatment, while the as-printed corrosion property was not found to be improved.  

In a recent study by the authors [89], the impacts of various surface finishing 

procedures, including the grinding and sand-blasting, on the corrosion resistance of DMLS-

AlSi10Mg alloy in aerated 3.5 wt.% NaCl electrolyte were studied and compared with the 

as-printed ones and their cast counterparts (A360.1 alloy). The authors highlighted 
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improved corrosion resistance of DMLS fabricated samples than the cast alloy with a 

similar surface finish [89]. In addition, surface porosities and superficial roughness 

covering the surface of the as-printed and sand-blasted samples were reported to deteriorate 

the corrosion resistance of the DMLS-AlSi10Mg alloy over time [89]. On the other hand, 

grinding of the as-printed samples was found to be an effective post-printing surface 

treatment to improve the electrochemical stability and corrosion performance of the 

DMLS-AlSi10Mg alloy [89]. Nonetheless, in all above corrosion-surface finish 

relationship studies, the applied post-printing surface treatment was only implemented to 

change the surface roughness of as-printed AlSi10Mg without any change in the alloy’s 

surface microstructure. 

To the best of authors’ knowledge, there is no study in the open literature that directly 

evaluates the microstructural modification and the resultant corrosion performance of a 

DMLS-AlSi10Mg part through changing the printing process parameters. In a few past 

studies, general corrosion behavior of the alloy in various environments including Harrison 

solution [19,22,24], 3.5 wt.% NaCl solution [32,89–91], 0.1 M NaCl solution [21], and 30 

g/L of NaCl solution with 10 mL/L of HCl [20] were investigated. Unanimously, all the 

authors reported susceptibility of the as-printed DMLS/SLM AlSi10Mg to selective 

corrosion attack predominantly at the transition zone between the melt pools, where 

coarsening of the Si particles were observed. In addition, anisotropic corrosion properties 

were reported for the DMLS-AlSi10Mg planes parallel to the building direction vs the 

planes perpendicular to the building direction [21,22]. According to Cabrini et al. [22] and 
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Revilla et al. [21], the plane parallel to the building direction has lower corrosion resistance 

than the one perpendicular to the building direction due to the higher density of the melt 

pool boundaries as the susceptible areas to selective corrosion attack on the side plane. 

Therefore, any processing parameter that changes the resultant microstructure of DMLS-

AlSi10Mg alloy, can directly influence the corrosion resistivity of the part. As an example, 

but on a different alloy, Kurzynowski et al. [92] have shown that increasing the laser power 

in selective laser melting of 316L stainless steel metal powder directly changes the final 

microstructure of the alloy after solidification and resulted in an increase of both texture 

degree and grain shape aspect ratio, while decreases the amount of δ-ferrite phase. Such 

microstructural variations could potentially impact the corrosion properties of the alloy 

significantly.     

This study aims to achieve a comprehensive understanding of the microstructure and 

corrosion properties of DMLS-AlSi10Mg parts with significantly lowered surface 

roughness obtained by tuning the DMLS process parameters instead of applying a post-

printing operation. The microstructural analysis of the samples was carried out using 

optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD), 

and electron backscatter diffraction (EBSD) analysis techniques. The electrochemical 

behavior of the samples was evaluated in aerated 3.5 wt.% NaCl solution through 

monitoring open circuit potential (OCP) evolution by time, anodic and cyclic 

potentiodynamic polarization techniques, and electrochemical impedance spectroscopy 

(EIS), followed by corrosion morphology study of the corroded surfaces using scanning 
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electron microscopy. A detailed relationship between the microstructural characteristics 

and the resultant corrosion performance of the fabricated samples was delineated 

systematically.   

 

4.3 Experimental Procedure  

Materials and DMLS Process 

Cubic samples (15×15×15 mm) were fabricated from gas atomized AlSi10Mg powder with 

the average particle size of 15-45 µm using an EOS M290 metal 3D printer machine (EOS, 

Germany), located at AMM (Additive Metal Manufacturing) company in Concord, 

Canada. Table 4-1 shows the nominal chemical composition of the powder used herein. 

The DMLS process was performed at elevated platform temperature of 165 °C in an argon 

atmosphere using a 400 W Ytterbium-fiber laser with a beam spot diameter of 100 µm. 

Other processing parameters that were kept consistent in the manufacturing of all samples 

include powder layer thickness of 30 µm and stripe hatch strategy with 67° laser beam 

rotation between successive layers.  

 

Table 4-1: Nominal chemical compositions of AlSi10Mg_200C powder (wt.%) 

Element Si Mg Fe Mn Ti Zn Cu Al 

AlSi10Mg 9.0 - 11.0 0.2 - 0.45 ≤ 0.55 ≤ 0.45 ≤ 0.15 ≤ 0.10 ≤ 0.05 Bal. 
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To fabricate samples with the same core properties but different surface roughnesses, 

the sample’s cube model was divided into three sections, including the first two layers in 

the bottom of the cubes, denoted as the downskin, the last three layers on top, denoted as 

the upskin, and the rest of the layers in between (the core). The schematic in Fig. 1a 

illustrates the location of each section, i.e. downskin, core, and upskin, in the fabricated 

samples. Table 4-2 summarizes the processing parameters used in printing the core of each 

sample. In order to achieve different surface roughnesses, three groups of samples, namely 

Regular, Surface 1, and Surface 2 (shown in Figure 4-1b), were fabricated using different 

processing parameters in printing their upskin and downskin layers. Table 4-3 and Table 

4-4 summarize the processing parameters used for fabrication of upskin and downskin 

layers, respectively. As summarized in Table 4-3 and Table 4-4, Surface 1 and Surface 2 

samples were fabricated using the exact same processing parameters with slightly different 

hatch distance and beam offset values. This study focuses on the resultant surface 

roughness, microstructure, and electrochemical stability of only the upskin portion of each 

sample. To characterize the surface roughness of the top surface (upskin layer) of as-

printed samples, a high-resolution 2D profiler (AlphaStep® D-500 Stylus Profiler, KLA-

Tencor Corporation, Milpitas, Ca) was utilized.  
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Figure 4-1: (a) Schematic of the DMLS manufactured cubes showing the positions of 

upskin, core, and downskin layers relative to each other and (b) three groups of DMLS-

AlSi10Mg cubes, namely Regular, Surface 1, and Surface 2, manufactured using 

different process parameters for their upskin and downskin layers. 

 

Table 4-2: The used DMLS process parameters for fabrication of the core of each sample. 

Sample 
Hatch 

Distance (mm) 

Scan Speed 

(mm/s) 

Laser Power 

(W) 

Stripe Width 

(mm) 

Stripe overlap 

(mm) 

Beam Offset 

(mm) 

Regular  0.19 1300 370 7 0.02 0.02 

Surface 1  0.19 1300 370 6 0 0.15 

Surface 2  0.19 1300 370 6 0 0.15 
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Table 4-3: The used DMLS process parameters for fabrication of the upskin layers of 

each sample. 

Sample 
Hatch 

Distance (mm) 

Scan Speed 

(mm/s) 

Laser Power 

(W) 

Overlap with 

Core  (mm) 

Min. Length  

(mm) 

Beam Offset 

(mm) 

Regular  0.21 1000 360 0.02 0.2 0.2 

Surface 1  0.13 775 370 0 0.2 0.15 

Surface 2  0.12 775 370 0 0.2  0.1 

 

Table 4-4: The used DMLS process parameters for fabrication of the downskin layers of 

each sample. 

Sample 
Hatch 

Distance (mm) 

Scan Speed 

(mm/s) 

Laser Power 

(W) 

Overlap with 

Core (mm) 

Min. Length 

(mm) 

Regular  0.21 1150 340 0.02 0.2 

Surface 1  0.12 775 370 0 0.2 

Surface 2  0.12 775 370 0 0.2  

  

Microscopic Characterization 

Following Al alloys standard sample preparation procedures and using a Struers’ 

Tegramin-30 grinder/polisher (Struers, Denmark), the upskin surface of each sample was 

carefully polished to a mirror-like finish and etched using Keller’s reagent (2.5 cm3 HNO3, 

1.5 cm3 HCl, 1 cm3 HF, and 95 cm3 H2O) for 20 s. Macro and microstructural details of 

the samples were revealed using a Nikon Eclipse 50i optical microscope (Nikon 

Instruments, Melville, NY) and an FEI MLA 650F scanning electron microscope (FEI, 

Hillsboro, Oregon) equipped with a high throughput Bruker energy dispersive X-ray 

(EDX) analytical system (Bruker, Billerica, Massachusetts) and an HKL EBSD system 

(Oxford Instruments, Abingdon, UK). To obtain crystallographic orientation micrographs 
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(inverse pole figures (IPF)), pole figures (PF), and grain boundary maps, the EBSD 

analysis was also performed on polished samples using a step size of 0.35 µm and 4×4 

binning. Channel 5 software (HKL Inc., Hobro, Denmark) was used to post process and 

analyze the EBSD data. 

XRD technique was used for the phase analysis of the samples using a Rigaku Ultimate 

IV XRD machine (Rigaku, The Woodlands, Texas) with Cu-Kα source (λ=1.5406 Å) at 40 

kV and 44 mA over a diffraction angle range of 5°-90° with a step size of 0.02°. 

 

Electrochemical Measurements 

The electrochemical measurements were carried out on the top surface (x-y plane) of the 

as-printed upskin layers of all three DMLS produced samples using a standard three-

electrode cell setup, one fitted with a graphite rod as the counter electrode (CE), a saturated 

silver/silver chloride (Ag/AgCl) as the reference electrode (RE), and the working electrode 

(as-printed DMLS-AlSi10Mg samples), in a multiport glass cell connected to an IVIUM 

CompactStat™ computer-controlled Potentiostat (IVIUM Technologies, Eindhoven, The 

Netherlands). A copper wire was connected to the back surface of each sample through a 

stainless steel nut. Only the top surface (upskin portion) of each sample was exposed to the 

electrolyte and its electrochemical active surface area was kept constant at 0.2 cm2. Prior 

to corrosion testing, the samples surfaces were ultrasonically cleaned in ethanol for 5 min 

and dried under a cold air stream. 
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All electrochemical measurements in this study were performed in aerated 3.5 wt.% 

NaCl solution. For each experiment, a freshly prepared solution was used, and its 

temperature was maintained at 25±0.5 °C using a temperature-controlled water bath. OCP 

was monitored for 60 min prior to each electrochemical testing performed herein to allow 

for stabilization of the OCP. Anodic potentiodynamic polarization (APP) and cyclic 

potentiodynamic polarization (CPP) tests were performed at a scanning rate of 0.125 mV/s, 

commencing at -20 mVAg/AgCl and -0.3 VAg/AgCl vs OCP for the APP and CPP testing, 

respectively. For the CPP testing, the sweep direction was inverted when the current 

reached 1 mA/cm2. For each DMLS-AlSi10Mg sample with different surface roughness, 

at least three samples were tested to check the reproducibility of the data. 

EIS tests were also conducted in aerated 3.5 wt.% NaCl solution at 25 °C for immersion 

times ranging from initial immersion up to 96 hr, every 24 hr. The EIS tests were carried 

out at the OCP in the frequency range of 10 kHz to 10 mHz. Similar to the polarization 

tests, the repeatability of the EIS results was measured by testing at least three samples. 

Impedance spectra were recorded using ±10 mV sinusoidal potential signal and logarithmic 

sweeps of ten points per decade. Both the impedance spectra and the corrosion parameters 

were interpreted using the IVIUMSOFT electrochemical analysis software (IVIUM 

Technologies, Eindhoven, The Netherlands). A complex non-linear least squares fitting 

routine was utilized to fit the impedance results to an appropriate equivalent electric circuit.     

After both APP and CPP experiments, to study the corrosion morphology of each 

sample, the formed corrosion products from the surface of each sample were removed by 
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immersing the samples in a concentrated HNO3 solution (15.8 N) in an ultrasonic bath for 

15 min [54], and then washed in distilled water followed by ultrasonic cleaning of the 

samples in ethanol for 5 min.    

 

4.4 Results 

Surface Topography in As-Printed Condition 

Figure 4-2 shows the SEM micrographs from the upskin surface (x-y plane) of the as-

printed Regular, Surface 1, and Surface 2 samples and their corresponding 2D surface 

roughness profiles (Figure 4-2d). The Regular DMLS-AlSi10Mg surface (Figure 4-2a) 

demonstrates high degree of surface irregularities resulted from the attachment of partially 

melted powder metal particles to the surface during the DMLS process [86,87], creating a 

superficial roughness of Ra = 5.1 ± 1.5 µm on the surface in as-printed condition. Here, the 

Ra value represents the arithmetic average roughness of the upskin layer.  

As clearly depicted in Figure 4-2b and Figure 4-2c, the obtained roughness on Surface 

1 and Surface 2 was noticeably lower than that of the Regular sample, containing a smaller 

number of partially melted particles attached to their surfaces. The measured roughness 

values for Surface 1 and Surface 2 samples were Ra = 1.4 ± 0.5 µm and 1.1 ± 0.2 µm, 

respectively. Therefore, the process parameters used in the fabrication of Surface 1 and 

Surface 2 upskin layers have contributed to the smoothest surface quality, far better than 

the Regular surface. The improved surface roughness of the upskin layer in Surface 1 and 

Surface 2 is predominantly attributed to the higher energy density used in the 
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manufacturing of those samples. The calculated volumetric energy densities (VED) used 

for fabrication of upskin layer in Surface 1 and Surface 2 samples were 122.4 and 132.6 

J/mm3, respectively, which are significantly higher than that of the Regular sample (57.1 

J/mm3). It should be noted that the commonly used equation (1) was used to calculate the 

VED values herein [93–95].  

𝑉𝐸𝐷 = 𝑃
(ℎ. 𝑉. 𝑡)⁄          (1) 

where P is the laser power (W), h is the hatch distance (mm), V is the laser scan speed 

(mm/s), and t corresponds to the powder layer thickness (mm). Previous studies have 

highlighted that using higher laser power and lower scan speed in additive manufacturing 

of metallic components reduces the possibility of balling effect and dross formation in the 

melt pools [27], leading to a smoother surface finish in the as-printed condition. 

The slightly smaller hatch distance applied in the fabrication of Surface 2 upskin layer 

has led to a lower surface roughness for this sample than Surface 1 sample. The obtained 

microstructure and the resultant corrosion properties of the upskin layers of the fabricated 

samples with different surface finishes in as-printed condition are investigated in the 

following sections.  
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Figure 4-2: SEM images taken from the top surface (x-y plane) of the as-printed DMLS-

AlSi10Mg in (a) Regular, (b) Surface 1, (c) Surface 2 conditions, (d) the surface profiles 

of the Regular, Surface 1, and Surface 2 samples. 

 

As-Printed Microstructure  

Fig. 3 shows the optical micrographs taken from the top view of the Regular, Surface 1, 

and Surface 2 samples. The morphologies of the melt pools are clearly visible in these 

images. To ensure that the studied surfaces are aligned with the x-y plane, all samples were 
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carefully prepared and polished perpendicular to the building direction. Consequently, the 

observed melt pools on the surface of each sample were found to be parallel to each other 

side by side aligned with the laser scanning direction (instead of observing an oval or tear-

dropped morphology of the melt pools having irregular geometries and directions reported 

in previous studies [32,36,96,97]). Sweeping of the surface by the laser accompanied by 

the 67° rotation of the laser scan between successive layers is clearly visible. Also, it is 

noticeable that decreasing the hatch distance from 0.21 mm in Regular sample to 0.13 mm 

and 0.12 mm in Surface 1 and Surface 2 samples, respectively, has resulted in the formation 

of more compacted melt pools, and contributed to the formation of a higher number of melt 

pools per unit area of the upskin surface (see Figure 4-3b and Figure 4-3c). Comparing the 

geometrical features of the successive passes in Surface 1 and Surface 2 samples revealed 

the variation of the melt pool width in a cyclic manner. It is unequivocally visible in Figure 

4-3b and Figure 4-3c that the laser melting of the powders has formed one large melt pool 

followed by a smaller melt pool periodically. This change in the melt pools size was more 

evident in Surface 1 and Surface 2 samples than the Regular sample. 

To further investigate the size of the upskin melt pools of all samples, the cross-

sectional overview of the melt pools on the y-z planes were studied. Figure 4-4 shows the 

optical micrographs of the samples taken from the y-z plane. The micrograph from the 

Regular sample (Fig. 4a) illustrates an approximately consistent melt pool size for all 

upskin melt pools, as opposed to the Surface 1 (Figure 4-4b) and more clearly in Surface 2 

(Figure 4-4c) samples, where repetitive combination of large-small melt pools has formed 
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the structure of the upskin layer. As the schematic in Figure 4-4d presents, having different 

size melt pools has resulted in the formation of a bi-layer structure in the upskin layer from 

the top view perspective. Therefore, by decreasing the hatch distance and increasing the 

overlap between the two consecutive passes, the size difference between two adjacent melt 

pools becomes more noticeable.  

The schematic in Figure 4-5 can be used to better understand the mechanism of various 

melt pool size formations in Surface 2 (Figure 4-5a and Figure 4-5b), Surface 1 (Figure 

4-5c), and Regular (Figure 4-5d) samples. To elucidate this phenomenon, it should be noted 

that when laser melts the first track, only the powder particles are exposed by the laser 

beam. Considering the separated nature of the powder particles, the main portion of the 

laser beam energy is used to melt and form a large melt pool, resulting in the formation of 

a large track following the completion of the solidification. Then, the laser is moved equal 

to the hatch distance to fuse the next layer. At this step, there are some overlaps between 

the newly formed melt pool and the previously solidified one, suggesting that a significant 

portion of the laser beam energy is dissipated through conduction and reflection from the 

previously solidified melt pool (see the schematic in Figure 4-5b, where the blue arrows 

correspond to the heat flow directions). Consequently, a smaller portion of the laser beam 

energy is used to melt the metal powders and form the new melt pool, resulting in the 

formation of a smaller melt pool (Figure 4-5b). For the next layer, since the hatching 

distance is still the same and small (the case of Surface 1 and Surface 2 samples), the 

previously formed small melt pool leaves more spacing for the powder particles to interact 
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with the laser beam, leading to the formation of a larger melt pool again (shown in Figure 

4-5a and Figure 4-5c for Surface 2 and Surface 1 samples, respectively). This periodic 

formation of large and small melt pools occurs repeatedly until the completion of the 

upskin layer. Therefore, by decreasing the hatch distance and increasing the overlap 

between the two consecutive passes, the heat dissipation through the previously formed 

track increases contributing to a more noticeable size difference between the two adjacent 

melt pools. Contrarily, the increased hatch distance in the fabrication of the Regular sample 

and the resulted less overlaps of melt pools reduce the laser beam energy lost through the 

previously solidified track, and contributed to the minimum melt pool size difference 

between successive passes in the Regular sample (shown schematically in Figure 4-5d). 

Such cyclic variations of the melt pools’ volume stemmed from using very small hatch 

distances in the fabrication of additively manufactured metallic components has never been 

reported in previous studies. This can potentially result in macro/micro-scale anisotropic 

properties of the structure, as the change in the melt pool size would directly impact the 

solidification behavior and consequently the resultant microstructure of the solidified 

tracks. Therefore, a detailed microstructural study of such a bi-layer structure is of vital 

importance.  
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Figure 4-3: Optical micrographs taken from the top planes of the (a) Regular, (b) Surface 

1, and (c) Surface 2 samples. 

  

Figure 4-4: Optical microscopy images taken from the side view (y-z plane) of the (a) 

Regular, (b) Surface 1, and (c) Surface 2 samples, (d) the schematic model for all samples 

comparing the position and the geometries of the upskin melt pools relative to each other. 
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Figure 4-5: The schematic showing formation of various sizes of melt pools (MPs) in the 

upskin layer, (a) large MPs in Surface 2 sample, (b) small MPs in Surface 2 sample, (c) 

large MPs in Surface 1 sample, and (d) MPs in the Regular sample. 

 

The detailed microstructural characteristics of all three surfaces are shown in the SEM 

micrographs presented in Figure 4-6 - Figure 4-9. The main similarity of all three samples 

is the formation of very fine cellular dendritic structure, which is common to all powder 
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bed fusion (PBF)-AlSi10Mg solidification structures [12,13,32,36,39,98]. Three different 

regions with distinct microstructures can be distinguished across each melt pool, i.e. region 

with fine cellular structure (MP-fine) formed towards the middle of the melt pool, regions 

having coarse cellular structure (MP-coarse) in the vicinity of each melt pool boundary, 

and a heat affected zone (HAZ) formed in the previously solidified layer containing broken 

intercellular network resulted from coarsening of Si phase into idiomorphic crystal [32,39]. 

A closer look into the SEM micrographs of the samples also reveals microstructural 

variations in terms of shape and size distribution of dendrites as well as the extension of 

each region. Considering co-existence of both large and small melt pools, particularly in 

Surface 1 and Surface 2 samples, the microstructure of the upskin layers were investigated 

and compared at two adjacent melt pools (different size melt pools) in each sample. A 

detailed image analysis of various SEM micrographs was conducted using ImageJ software 

to quantify the microstructural variations related to the Al cellular structure and the Si 

network for all samples. The aluminum matrix cell size (area) distribution of the upskin 

layers of different samples is presented in Figure 4-10, comparing the cell area (in µm2) in 

the MP-coarse regions of large melt pools (Figure 4-10a), the MP-coarse regions of small 

melt pools (Figure 4-10b), the MP-fine regions of the large melt pools (Figure 4-10c), and 

the MP-fine regions of the small melt pools (Figure 4-10d). Table 4-5 also summarizes and 

compares different microstructural features of the two adjacent melt pools in the upskin 

layer of the Regular, Surface 1, and Surface 2 samples.  
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The SEM images taken from the melt pool boundaries of the Regular sample (Figure 

4-6) and their corresponding MP-fine regions (shown in Figure 4-9a and Figure 4-9b) 

confirmed approximately the same morphology, size, and distribution of the Si network 

along the melt pool boundaries as well as the center of the two adjacent melt pools, i.e. 

MP1 and MP2. The average cell area in the MP-coarse regions of MP1 and MP2 (1.24±0.95 

vs 1.21±0.90 m2, respectively), and in the MP-fine regions (0.36±0.19 vs 0.34±0.14 m2, 

respectively), the extend of MP-coarse region (14.23±0.81 vs 12.01±0.44 m, 

respectively), as well as the HAZ (8.45±0.25 vs 6.66±0.49 m, respectively) were found 

to be very similar between the two adjacent melt pools, which is associated to the formation 

of similar size melt pools in the fabrication of upskin layer in the Regular sample. In 

Surface 1 sample (Figure 4-7, Figure 4-9c, and Figure 4-9d), whilst the average cell size 

was slightly higher than the Regular sample (correlated to the higher VED used to fabricate 

this sample), their average width of MP-coarse regions were found to be very similar 

(14.23±0.81 and 15.16±0.76 m, for Surface 1 and Regular samples, respectively). 

Likewise, the difference between the microstructure of the two adjacent melt pools in the 

Surface 1 sample (large and small MPs) was not that notable (refer to the data in Table 

4-5).  

In contrast, the MP boundaries of Surface 2 sample (Figure 4-8) revealed two distinct 

MP microstructure comprised a narrow MP-coarse region (10.63±0.39 m wide) that 

belongs to the smaller melt pools and a wide MP-coarse region (22.18±0.69 m wide) as 

part of the larger MP tracks. This coarse microstructure of large MP boundaries (both in 
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terms of the cell size and degree of Si network coarsening) was more noticeable in Surface 

2 sample and was characterized by having a large average cell area of 2.35±1.55 m2 than 

that of the Surface 1 sample (average cell area: 1.44±1.20 m2). The coarser microstructure 

of the Surface 2 large MPs is correlated to the greater volume of the large MPs in this 

sample (see Fig. 4) as well as their smaller overlap with the previously solidified smaller 

tracks (see Figs. 4 and 5), which leads to a slower cooling rate during solidification of each 

MP. Analogously, the HAZ below the MP-coarse regions of the large MPs in Surface 2 

sample was found to be more extended (10.31±0.72 m wide), indicating that the smaller 

MPs have been exposed to high temperatures for a longer period of time during the 

solidification of larger MPs than their abutting large MPs with the HAZ width of 5.60±0.25 

m. Albeit the measured HAZ width of all samples followed a similar trend as the size of 

MP-coarse regions, the difference was not as notable as the width of the MP-coarse regions 

(see Table 4-5). 

It is worth to mention that the microstructural features’ size and the shape of a solidified 

structure is determined by the temperature gradient (G) and the solidification rate (R), as 

well as the undercooling (T) [97,99]. The higher the cooling rate (product of G and R), 

the greater the undercooling (T) is, leading to a finer structure. Therefore, the coarser 

microstructure of large melt pools in Surface 2 relative to the Regular and Surface 1 

samples is ascribed to the lower cooling rate associated to the solidification of Surface 2 

large melt pools. This applies to all regions from the melt pool center towards the melt pool 

boundaries. At the melt pool center, the material experiences the highest temperature 
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gradient (G) and the lowest solidification rate (R) (high G/R ratio), leading to formation of 

a more equiaxed dendritic structure [13,59]. Conversely, the fused material along the melt 

pool boundary undergoes the fastest solidification rate and lowest temperature gradient 

(low G/R ratio), contributing to the formation of a more columnar dendritic structure 

[13,59]. 

The average cell area of the Surface 1 sample seems to be slightly higher than that of 

the Regular sample. Nevertheless, comparing the size of the Si network formed at the 

intercellular regions of MP-coarse regions reveals a coarser (thicker) Si network for 

Regular sample (Figure 4-6b) than Surface 1 sample (Figure 4-7b). Therefore, comparing 

the MP-coarse regions of all samples corroborates the increase in the degree of Si network 

coarsening in the order of Surface 1 < Regular < Surface 2 samples.  
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Figure 4-6: SEM micrographs showing the upskin microstructure of the Regular sample, 

(a) three adjacent melt pools and their boundaries are visible. Higher magnification image 

from the (b) top melt pool boundary (the enclosed area in (a) shown by (b)) and (c) 

bottom melt pool boundary (the enclosed area in (a) shown by (c)). 
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Figure 4-7: SEM micrographs showing the upskin microstructure of Surface 1 sample, (a) 

three adjacent melt pools and their boundaries are visible. Higher magnification image 

from the (b) top melt pool boundary (the enclosed area in (a) shown by (b)) and (c) 

bottom melt pool boundary (the enclosed area in (a) shown by (c)). 
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Figure 4-8: SEM micrographs showing the upskin microstructure of Surface 2 sample, (a) 

three adjacent melt pools and their boundaries are visible. Higher magnification image 

from the (b) top melt pool boundary (the enclosed area in (a) shown by (b)) and (c) 

bottom melt pool boundary (the enclosed area in (a) shown by (c)). 
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Figure 4-9: SEM images from the MP-fine regions of (a) and (b) two neighboring melt 

pools in Regular sample (higher magnification of the enclosed area shown by 9a and 9b 

in Figure 4-6a), (c) a large melt pool and (d) its adjacent small melt pool in Surface 1 

sample (higher magnification of the enclosed area shown by 9c and 9d in Figure 4-7a), 

(e) a large melt pool and (f) its adjacent small melt pool in Surface 2 sample (higher 

magnification of the enclosed area shown by 9e and 9f in Figure 4-8a). 
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Figure 4-10: The size distribution of Al-matrix cellular structure (in area, µm2) at 

different regions across the melt pool: (a) MP-coarse regions and (c) MP-fine regions of 

melt pool 1 (MP1) in the Regular, and large MPs in Surface 1 and 2 samples, (b) MP-

coarse regions and (d) MP-fine regions of melt pool 2 (MP2) in the Regular, and small 

MPs in Surface 1 and 2 samples. 
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Table 4-5: Microstructural features of the upskin layers of the Regular, Surface 1, and 

Surface 2 samples. 

Sample 
Melt 

Pool Size 

MP-coarse 

average cell area 

(m2) 

MP-fine 

average cell 

area (m2) 

MP-coarse 

width (m)  

HAZ width 

(m) 

Regular 
MP1 1.26±0.95 0.36±0.19 14.23±0.81 8.45±0.25 

MP2 1.21±0.90 0.34±0.14 12.01±0.44 6.66±0.49 

Surface 1 
Large  1.44±1.20 0.86±0.64 15.16±0.76 9.60±0.88 

Small  1.31±1.24 0.80±0.49 13.76±1.05 7.78±0.52 

Surface 2 
Large  2.35±1.55 0.87±0.51 22.18±0.69 10.31±0.72 

Small 1.70±1.05 0.72±0.31 10.63±0.39 5.60±0.25 

 

The XRD spectra obtained from the top surface of all three samples studied in this work 

is shown in Fig. 11. The results confirmed the existence of Si precipitates in the α–Al 

matrix. The Si diffraction peaks were found to be broad and weak, rendering a substantial 

proportion of Si content of the alloy is retained in -Al supersaturated solid solution. 

Noticeably, the Si peaks for Surface 1 sample were found to be the weakest among the 

other samples, associated with having the highest Si content in the solid solution form in 

this sample. A closer look into the microstructure of the MP-coarse regions of all samples 

also affirmed higher concentration of Si atoms in solid solution form in the Surface 1 

sample as evidenced by the lowest content of Si particles precipitated inside the Al 

dendrites and finer Si precipitates at the border of each dendrite in Surface 1 sample 

compared with the other two samples (shown in Figure 4-12).  

 



 

 109 

  

Figure 4-11: XRD patterns taken from the upskin layers of the Regular, Surface 1, and 

Surface 2 samples of DMLS-AlSi10Mg alloy. 
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Figure 4-12: SEM micrographs taken from the MP-coarse regions of the (a) Regular, (b) 

Surface 1, and (c) Surface 2 samples. 

 

To further investigate the initial microstructure of the samples, EBSD measurements 

from the upskin layer of all samples were performed in complementary to SEM and XRD. 

The obtained IPF maps, shown in Figure 4-13, are z-direction coloring maps (IPF-z), where 

z is aligned with the building direction of the upskin layer. The measured areas were 

focused on the large melt pool boundaries, covering an area that contains a large melt pool’s 

MP-fine and MP-coarse regions as well as the HAZ in the previously deposited melt pool. 

The MP-coarse region was of particular interest, since this area was shown to be more 
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susceptible to selective corrosion attack in previous works [19–22,32,89]. Therefore, the 

reported results in this section represent localized characteristics of large melt pool 

boundaries and should not be extrapolated to the general characteristics of the upskin layer.  

The coarse grain structure on the left side of the Regular sample (Figure 4-13a) or the 

top side of the Surface 1 and Surface 2 samples (Figure 4-13b and Figure 4-13c, 

respectively) corresponds to the previously deposited layer containing the heat affected 

zone adjacent to the melt pole boundary. The fine equiaxed or columnar grain structure 

shown on the right side or at the bottom of the inverse pole figures correlates to the interior 

of a large melt pool in each sample. The EBSD results taken from the melt pool boundaries 

of the samples show that the microstructure contains a combination of columnar and 

equiaxed grain structures with different volume fractions in different samples. Such 

microstructural variations form as a result of having different temperature gradients and 

solidification rate from the middle of the melt pool to its boundary [59]. The α-Al grains 

morphologies along the melt pool boundaries of the Regular and the boundaries of the large 

MPs of Surface 2 sample were found to vary in the sequence of very fine equiaxed grains 

and coarser columnar grains from the MP boundaries into the melt pools’ center. The 

formed columnar grains directions are perpendicular to the melt pool boundaries, aligned 

with the maximum heat flow direction during solidification [13,15,98]. In comparison, 

Surface 1 grain structure (Figure 4-13b) showed noticeably lower volume fraction of such 

columnar grains than the other two samples.  
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Grain size distribution of the samples in the large melt pool areas shown in the IPFs in 

Figure 4-13 was measured to be 0.89±1.27, 0.79±0.90, and 0.95±1.44 µm for the Regular, 

Surface 1, and Surface 2 samples, respectively. This confirms that a finer and more 

uniformly distributed grain structure formed in the large MP of Surface 1 sample, possibly 

attributed to the faster solidification rate of the large melt pools in this sample. In 

comparison, the largest grain structure and the greatest deviation on the grain size 

distribution were detected for Surface 2 sample, resulted from a slower solidification rate 

of its large melt pools. Surface 2 also experienced the highest degree of grain coarsening 

in its HAZ, while the Surface 1 sample revealed the lowest amount of HAZ coarsening, 

affirming that the HAZ experiences the elevated temperature in a shorter period of time 

during solidification. This is another evidence of faster solidification of large MPs in the 

Surface 1 sample than that of the other two samples. Further elucidation of the grain 

structure variations for all samples is discussed at the end of this section. 

 

 

Figure 4-13: EBSD inversed pole figure (IPF-z) maps from the upskin layer of the (a) 

Regular, (b) Surface 1, and (c) Surface 2 samples. 
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To explore the micro-texture distribution arisen from the fabrication process of the 

larger melt pools of the upskin layers in each sample, pole figures of the melt pool 

microstructure in the area near the large MP boundaries were calculated from the EBSD 

maps. Figure 4-14 illustrates {100}, {110}, and {111} pole figures for the area below the 

HAZ in each large MP shown in Figure 4-13. The x and y directions are shown on the 

{100} pole figures and z is normal to the plane of the figure. As the PF maps demonstrate, 

{001}<100> cube texture is evident in the upskin layers of all samples. This texture 

plausibly corresponds to the epitaxial growth of the MP boundary crystals along the <001> 

direction, which is in good agreement with the observed solidification behavior of 

aluminum alloys in previous studies [11,13,97,100,101]. Among the three samples, Surface 

2 PF showed the strongest texture intensity of 6.06. The slower solidification rate of the 

MP in Surface 2 sample has promoted the formation of columnar grains along the MP 

boundaries, which in turn has resulted in a strong texture in the {100} pole figure. It can 

be seen from the {100} PF of the Regular and Surface 2 samples that all three {100} poles 

are strongly aligned. Considering the direction of the MP boundaries relative to the x and 

y axes, one of the {100} poles is perpendicular to the direction of the MP boundary (parallel 

to the growth direction of the columnar grains), one is parallel to the MP large axes (laser 

scan direction), and one is normal to the surface of the sample.  

Figure 4-14 also shows that the high-intensity regions in the pole figures of the Regular 

sample, indicating a higher intensity above the random background than that of Surface 1 
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sample (5.87 vs 4.88, respectively). Whilst the texture in the Regular sample is not as strong 

as that in the Surface 2 sample, the long axis of the columnar grains still appears to be 

aligned with the <100> direction.  

 

 

Figure 4-14: Pole figures (PF) from the large melt pools of the upskin layer of (a) the 

Regular, (b) Surface 1, and (c) Surface 2 samples. 

 

To further rationalize the observed grain morphologies and sizes in Figure 4-13 and 

their corresponding pole figures shown in Figure 4-14 for all samples, the solidification 
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behavior of the melt pools in each sample should be contemplated. It is generally accepted 

that the MP grain structures near the MP boundaries are dominated by the epitaxial growth, 

implying that in a competitive growth process, aluminum FCC crystals with <100> 

direction (easy growth direction for cubic structures [13,15,102]) perpendicular to the MP 

boundary (direction of maximum heat flow) would grow more readily than the other 

oriented crystals. Consequently, the other oriented grains are stifled with the <100> 

oriented ones and form a narrow band of very fine equiaxed grains grown from each MP 

boundary (see Figure 4-13).  

The two key parameters that determine the microstructure of aluminum grains in each 

melt pool after solidification are thermal gradient (G) and the solidification rate (R) [59]. 

The melt pool boundaries of the Regular sample (fabricated using the lowest VED of 57.1 

J/mm3) showed a high volume fraction of columnar grains. Increasing the applied laser 

energy density to 122.4 J/mm3 to fabricate the Surface 1 upskin layer has contributed to 

the formation of more equiaxed crystals in its melt pools by providing longer time for the 

nucleus to grow, owing to the decreased temperature gradient (G), while increased 

overlapping between Surface 1 melt pools provides a faster cooling and higher 

solidification rate (R). Therefore, the G/R ratio decreases and the constitutional 

supercooling increases in the front of the moving solid-liquid interface [59,83] from the 

Regular to Surface 1 sample, resulting in the transition from columnar (in the Regular 

sample) to a more equiaxed grain structure (in Surface 1 sample). The displayed melt pools 

for Surface 2 sample in Figure 4-13c correspond to a large MP adjacent to a smaller one. 
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Comparing the cross sectional overview of the melt pools in Figure 4-4 and the schematic 

shown in Figure 4-5 clearly show that the overlapped area between a large and a small MP 

in Surface 2 sample is smaller than that between the MPs in Surface 1. The smaller overlap 

between the large and small melt pools in the Surface 2 sample has contributed to a slower 

solidification rate for its large melt pools. This explains the reason that the columnar grains 

commenced to form again in the large MP boundaries of Surface 2 sample.  

As the columnar crystals form by epitaxial growth, the higher ratio of columnar grains 

in the Surface 2 sample has contributed to the observed stronger cube texture 

({001}<100>) in the large melt pools of the upskin layer of this sample compared with the 

other two samples. Surface 1 sample showed the weakest texture and the Regular sample 

showed an intermediate texture, consistent with the expected trend in their solidification 

rate. 

 

Open Circuit Potential (OCP) Variations  

To evaluate the thermodynamic tendency of the samples’ upskin surfaces to 

electrochemical oxidation, the evolution of the corrosion potential (EOCP values) was 

monitored prior to conducting other electrochemical tests during early stage of immersion 

in aerated 3.5 wt.% NaCl solution. The measurements were repeated for at least 5 times for 

each sample to ensure that the results are reproducible. It is well understood that a more 

positive EOCP value signifies a nobler surface and a greater stability [103–105]. As shown 

in Figure 4-15, the EOCP of all samples decreases slightly by time, indicating that the 
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electrochemical reaction in naturally-aerated NaCl solution is controlled by the cathodic 

reaction (oxygen diffusion) and the pre-existing oxide film on the samples’ surfaces 

initially commence to dissolve into the electrolyte [70,71]. After a certain immersion time 

(~ 350 s for the Regular sample and ~ 800 s for the Surface 1 and 2 samples), the EOCP 

value eventually stabilizes and approaches a stable value (~ -0.62 ± 0.05 VAg/AgCl, -0.52 ± 

0.02 VAg/AgCl, and -0.73 ± 0.03 VAg/AgCl for the Regular, Surface 1, and Surface 2 samples, 

respectively), associated to the stabilization of the passive film on the sample’s surface. A 

common phenomenon during immersion of a metal in a corrosive electrolyte is the 

continuous formation of an oxide film on its surface and dissolution of this film in a 

competitive manner. This simultaneous localized dissolution and re-formation of the 

passive film on the surface can cause electrochemical instability of the surface, 

consequently contributing to the fluctuation of the open circuit potential values [105]. In 

comparison to Surface 1 and Surface 2 samples, the Regular sample showed the most 

unstable EOCP, possibly owing to its higher surface roughness. Therefore, the trend and 

values of all samples’ EOCP imply the highest passive film stability for Surface 1 and the 

lowest stability for Surface 2 sample.   
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Figure 4-15: Open circuit potential values as a function of time for the Regular, Surface 

1, and Surface 2 samples in aerated 3.5 wt.% NaCl solution at 25 °C. 

  

Cyclic Polarization Results 

To study the electrochemical behavior of all three samples, both anodic potentiodynamic 

polarization (APP) and cyclic potentiodynamic polarization (CPP) tests were conducted 

and the results are shown in Figs. 16a and 16b, respectively. The electrochemical 

parameters deducted from the polarization graphs of all samples are presented in Table 6. 

Before each polarization testing, to allow stabilization of the test, OCP was monitored for 

1 hr after immersion in aerated electrolyte. The anodic polarization graphs (Figure 4-16a) 

showed a clear shift of corrosion potential towards more positive (nobler) values in the 

order of Surface 2 (Ecorr.= -0.68±0.08 VAg/AgCl) < Regular (Ecorr.= -0.58±0.05  VAg/AgCl) < 
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Surface 1 (Ecorr.= -0.51±0.04  VAg/AgCl), corresponding to the highest tendency for corrosion 

reactions to initiate in Surface 2. Meanwhile, the corrosion current density (Icorr.) increases 

in the order of Surface 1 < Regular < Surface 2. Collectively, a clear passive window 

(although very narrow for Surface 2 sample), upper limited by the Epit (pitting potential, 

also known as passive film breakdown potential) was readily discernible, occurring at -

0.14±0.06 VAg/AgCl, -0.38±0.10 VAg/AgCl, and -0.62±0.08 VAg/AgCl, for Surface 1, Regular, 

and Surface 2 samples, respectively. This indicates a low likelihood for pit nucleation and 

a favorable condition for the surface repassivation in Surface 1 sample with the widest 

passive region (Ecorr. + 0.37 VAg/AgCl). The steeper anodic slope of the Surface 1 sample 

likewise indicates a greater passivation tendency for this sample than the other two 

samples. The variations of the pitting potential values also confirmed the existence of a 

passive film with different chemical compositions on different samples, as the pitting 

potential is only dictated by the passive film composition [47,106]. In the case of Surface 

2 sample, the anodic current density rapidly increases slightly above the pitting potential, 

implying the highest susceptibility of Surface 2 sample to stable pits formation in the tested 

electrolyte.  

For all samples, the repassivation potential (Erep.) was found to be lower than the 

corrosion potential (Ecorr.), confirming the existence of a favorable condition for stable pit 

growth on all surfaces. The Erep. values (Figure 4-16b) remained relatively unchanged and 

was similar for all samples (-0.84 ± 0.05 VAg/AgCl).  
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Figure 4-16: (a) The anodic potentiodynamic polarization curves and (b) the cyclic 

polarization curves of the Regular, Surface 1, and Surface 2 samples in aerated 3.5 wt.% 

NaCl solution. 

 

Table 4-6: Polarization parameters deducted from upskin layer of Regular, Surface 1, and 

Surface 2 samples in aerated 3.5 wt.% NaCl solution 

Sample 

Corrosion 

potential 

(VAg/AgCl) 

Pitting 

potential 

(VAg/AgCl) 

Repassivatio

n potential 

(VAg/AgCl) 

Polarization 

resistance 

(KΩ) 

Corrosion 

current density 

(A/cm2) 

Regular 
-0.58 

± 0.05 

-0.38 

± 0.10 

-0.83 

± 0.05 

934.4 

± 77.2 

27.08 ± 1.49 

×10-8 

Surface 1 
-0.51 

± 0.04 

-0.14 

± 0.06 

-0.84 

± 0.04 

5039 

± 470.8 

8.26 ± 2.17 

×10-8 

Surface 2 
-0.68 

± 0.08 

-0.62 

± 0.08 

-0.84 

± 0.05 

620.8 

± 40.7 

53.34 ± 3.52 

×10-8 
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Corrosion Morphology 

Figure 4-17 shows the surface morphology of the samples after cyclic potentiodynamic 

polarization testing followed by corrosion product removal. All surfaces showed a similar 

selective corrosion attack along the melt pool boundaries on the surface, where is known 

to be susceptible to penetrating corrosion attack on the surface of DMLS-AlSi10Mg alloy. 

This is ascribed to the coarsening and breakage of the Si network in the MP-coarse region 

and the heat affected zone, respectively, in the vicinity of each melt pool boundary 

[21,22,32]. A qualitative comparison of the corroded surfaces confirmed the increased 

intensity of the corrosion attack from Surface 1 sample to Regular, and Surface 2, clearly 

not in agreement with the trend of the surface roughness. However, this observation is 

consistent with the presented APP and CPP results in the previous section (Figure 2-16), 

but in contrast with the generally known effect of surface roughness on corrosion behavior 

[22,107]. Thus, there should be other factors than the surface roughness that control the 

electrochemical behavior of the samples herein.  

Although the surface morphology of the samples after CPP testing revealed very 

intense corrosion attack along the MP boundaries of Surface 2 sample, whereas the Regular 

and Surface 1 samples were attacked selectively in similar locations but in lesser degree, it 

was not possible to identify a clear difference between corrosion of large and small MP 

boundaries, mainly due to the severity of the CPP testing. Therefore, performing the APP 

testing and investigating the morphological features of the corroded surfaces were required 

to discern the materials degradation along small and large MP boundaries, particularly for 
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Surface 2 sample. As the SEM images in Figure 4-18 illustrate, the anodic polarization 

testing of all samples resulted in localized pitting (typical of Al alloys [47]) of the surface 

of the samples primarily along the melt pool boundaries (indicated by the arrows). As 

shown in Figure 4-18a, the melt pool tracks on the Regular sample are not as clearly visible 

as the other two samples, owing to the higher surface roughness and existence of partially 

melted powder on its surface. A qualitative comparison of all three surfaces after the anodic 

polarization testing reveals a more intense pitting attack (the highest number of the pits per 

unit length of each melt pool boundary) along the MP boundaries of the Surface 2 sample 

than the other two samples at the start of the corrosion. The pitting then develops into a 

more severe selective corrosion attack along the MP boundaries as corrosion progresses 

(see Figure 4-17c), attributed to the growth and coalescence of the corrosion pits. Even 

though no clear difference was evidenced between the two adjacent melt pools in the 

Regular (Figure 4-18a) and Surface 1 (Figure 4-18b) samples, Surface 2 sample (Figure 

4-18c) revealed a higher number of pits along the MP boundaries shown by the red arrows 

(correlated to the MP boundaries of the large MPs), while the boundaries depicted by the 

blue arrows were characterized by having less number of pits per unit length of the MP 

boundary (corresponding to the MP boundaries of the small MPs). Therefore, a higher 

pitting susceptibility of the large MP boundaries of Surface 2 sample was evidenced from 

the corroded surfaces after performing the anodic polarization testing.  
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Figure 4-17: SEM micrographs of the upskin layers (x-y plane) after the CPP test and 

removing the corrosion products: (a) and (b) Regular, (c) and (d) Surface 1, and (e) and 

(f) Surface 2 samples. 

  

Figure 4-18: SEM micrographs of the upskin layers (x-y plane) after the anodic 

polarization test: (a) Regular, (b) Surface 1, and (c) Surface 2 samples. 



 

 124 

EIS Results 

To further study the electrochemical performance of the DMLS-AlSi10Mg alloys with 

different upskin structures, the EIS measurements in aerated 3.5 wt.% NaCl solution were 

carried out. The corresponding Bode plots and Nyquist plots of all samples for immersion 

times ranging from the initial immersion to 96 hr every 24 hr are presented in Figure 4-19a 

to Figure 4-19e. To analyze the characteristics of the passive film formed on all DMLS-

AlSi10Mg samples and to interpret the electrochemical response of the system using the 

EIS data, the equivalent electric circuits (EECs) shown in Figure 4-19f with two or three 

time constants, expressing as Rs((CPEp[CPEdlRct)Rp]) and 

Rs(CPEoxide[Roxide((CPEp[CPEdlRct)Rp]])), denoted by Model I and Model II, respectively, 

(commonly employed for Al alloys [108,109]) were used to represent the DMLS-

AlSi10Mg alloy/electrolyte interface. These EEC models include solution resistance (Rs), 

passive layer resistance (Rp) in parallel with its constant phase element (CPEp), describing 

its porous nature, charge transfer resistance (corroding pit resistance) (Rct) parallel to the 

capacitor CPEdl, describing double layer (dl) charging-discharging at the alloy’s surface. 

The second model in Figure 4-19f also contains an extra constant phase element and a 

resistor in parallel (CPEoxide and Roxide, respectively), corresponding to a newly formed 

oxide layer with a porous nature on the substrate surface. The use of CPE is justified by 

the non-ideal capacitive behavior of heterogeneous interfaces. The impedance of the 

constant phase element is expressed as 𝑍𝐶𝑃𝐸 = 𝑌𝑜
−1(𝑗𝜔)−𝑛, where Yo is true capacitance of 

the passive layer, ω is the angular frequency (rad/s), j is the imaginary unit (𝑗 = √−1) and 
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n represents the exponent of the constant phase element and varies between 0 (for pure 

resistor) and 1 (for pure capacitor) [71,109]. Table 7 summarizes the fitting results of the 

EIS data. Figure 4-19 also shows the fitting of EIS data resulted from the application of the 

proposed equivalent circuits (either Model I or II) in Figure 4-19f to the obtained 

experimental data. The resulted CPE exponent values close to 1 (shown in Table 4-7) 

indicate a near capacitive behavior of the passive film formed on the surface of all DMLS-

AlSi10Mg samples, regardless of the their surface roughness.  

The impedance response of all three samples at all times is typical of localized 

corrosion of Al alloys [73,81]. At initial immersion time up to 48 hr, the phase angle vs 

frequency Bode diagrams of all three samples highlighted three time constants as follows. 

The first one at low frequency (0.01 Hz), associated to the charge transfer resistance arisen 

from anodic dissolution of aluminum as well as pitting of the surface. The second one at 

medium frequency range (10-100 Hz), corresponding to the formation of passive layer 

(aluminum oxide/aluminum hydroxide); and another one at high frequency (0.3-10 kHz), 

representing formation of an outer oxide layer in contact with the electrolyte, which can 

further contribute to the protection of the underlying layer. Correspondingly, three 

capacitive arcs on the Nyquist plots were generated, one at low, one at mid, and the other 

at high-frequency range. On the Nyquist plots, the tail at lower frequency determines the 

diffusion through the passive layer (corrosion product) and inside the localized corroded 

areas, whereas the peak (capacitive loop) at mid-frequency can result from the sealing 

effect of the corrosion film (passive layer) in active areas, such as surface porosities. In the 
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course of immersion, both the tail and the capacitive loops were the largest for Surface 1 

sample, followed by Regular samples, while the Surface 2 sample exhibited a noticeably 

smaller capacitive loop, attributed to the existence of a passive film with less protective 

nature on its surface.  

At the beginning of immersion in the electrolyte solution, Surface 1 sample showed the 

highest absolute value of impedance (|Z| Ωcm2) and the largest capacitive arcs, compared 

to the other two samples in the low to mid frequency ranges. This has contributed to a 

higher passive layer resistivity (Rp = 17.80 kΩcm2) and charge transfer resistivity (Rct = 

36.50 kΩcm2) for Surface 1 sample than those of the other two samples. The observed 

superior impedance of the Surface 1 sample in just immersed condition is also consistent 

with the polarization results (Figure 4-16). The lowest Roxide, Rp, and Rct values (0.27, 10.70 

and 12.40 kΩcm2, respectively) for Surface 2 sample confirmed the lowest resistivity of 

the protective oxide layer(s) on its surface, which is in good agreement with the 

polarization results (Figure 4-16). In all immersion times, Surface 2 sample showed the 

lowest Rp and Rct values than the other two samples, while Surface 1 showed the highest 

resistivity. 

Longer immersion time for all samples increases the susceptibility of the alloy to both 

general corrosion and pitting attacks as evident from the drops in Roxide, Rp and Rct values 

up to 72 hr. This is attributed to general removal and dissolution of the passive film from 

the surface and the exposure of the next cathodic site (Si particles) to the electrolyte. This 

reduction rate in Rp and Rct values of the Surface 1 sample is lower (they reached a value 
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of 19.70 and 21.20 kΩcm2, respectively, after 48 hr) than the other two samples, which is 

another compelling evidence for the formation of a more stable and compact passive layer, 

providing a better protection against both pitting and uniform corrosion attacks for Surface 

1 sample than the other two samples. For Surface 2 sample, all R values dropped 

significantly right after the first day of immersion and remained almost constant up to 96 

hr. In contrast, in the Regular and Surface 1 samples, Roxide, Rp, and Rct values were raised 

by increasing the exposure time from 72 hr to 96 hr, possibly correlated to the detachment 

of cathodic sites (Si particles) from the anodic matrix as the matrix around the particles 

oxidizes. This elimination of cathodic sites can slow down the growth rate of some of the 

growing pits as the corrosion reaction progresses. This improvement was not detected for 

Surface 2 sample even after 96 hr of immersion time, possibly ascribed to having coarser 

Si network and particles along its large melt pool boundaries (see Figure 4-12), which 

require longer immersion times in the electrolyte solution to detach.  

 For all DMLS-AlSi10Mg samples during the first 48 hr or 72 hr of immersion, the 

charge transfer resistance (Rct) was found to be higher than the general passive/oxide layer 

resistance (sum of Rp and Roxide values), confirming that the corrosion behavior is initially 

dominated by general uniform corrosion and metastable pitting of the surface than a stable 

pitting attack. This difference is more noticeable for Surface 1 sample at initial immersion 

time than the other two samples, affirming the observed wider passive region on the cyclic 

polarization curve of this sample (shown in Figure 4-16b).  
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Therefore, the EIS results confirmed that a more stable and compact passive layer exists 

on Surface 1, providing a better resistance against corrosion as compared to the Regular 

and Surface 2 samples.  
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Figure 4-19: EIS spectra and the fitting data, i.e. Z modulus, Bode phase angle plot, and 

Nyquist plot of the upskin layer of the Regular, Surface 1, and Surface 2 samples in 

aerated 3.5 wt.% NaCl solution after (a) 1 hr, (b) 24 hr, (c) 48 hr, (d) 72 hr, and (e) 96 hr 

of immersion times, (f) two equivalent electric circuits proposed to describe the EIS data 

over time. 
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Table 4-7: The fitting parameters of the EIS measurements comprising the elements of 

the EECs shown in Figure 4-19f 

Time 

(hr) 

EEC 

Model 

Rs  

(Ωcm2) 

Roxide 

(kΩcm2) 

CPEoxide, 

Yo (µS 

Secn cm-2) 

noxide 
Rp  

(kΩcm2) 

CPEp, Yo 

(µS Secn 

cm-2) 

np 
Rct  

(kΩcm2) 

CPEdl, Yo  

(µS Secn 

cm-2) 

ndl 

Regular 

1  II 5.93 0.29 2.00 0.92 12.80 23.30 0.99 13.80 6.98 0.91 

24  II 4.95 0.15 51.60 0.93 2.31 60.20 0.97 4.23 53.40 0.91 

48 II 5.16 0.10 6.00 0.93 1.70 20.80 0.92 3.72 18.70 0.99 

72 I 4.46 --- --- --- 0.10 22.40 0.92 1.27 5.86 0.98 

96 II 8.80 2.31 35.00 0.91 1.20 23.70 0.94 3.48 36.10 0.99 

Surface 1 

1  II 15.70 5.42 5.55 0.91 17.80 1.11 0.99 36.50 5.79 0.90 

24  II 17.60 0.30 0.91 0.99 22.20 5.27 0.95 24.90 13.90 0.97 

48 II 9.13 0.44 1.30 0.92 19.70 15.10 0.99 21.20 4.53 0.91 

72 II 4.36 1.52 39.30 0.94 0.15 9.94 0.99 0.54 12.10 0.92 

96 II 5.64 4.44 30.50 0.92 1.13 9.73 0.99 6.45 23.00 0.94 

Surface 2 

1  II 18.60 0.27 4.02 0.97 10.70 7.53 0.94 12.40 23.60 0.97 

24  II 17.21 0.10 3.91 0.99 1.22 75.40 0.93 1.39 29.80 0.98 

48 I 3.85 --- --- --- 0.25 40.10 0.99 0.30 25.30 0.96 

72 II 4.03 2.08 92.30 0.95 0.19 68.70 0.91 0.90 30.50 0.95 

96 I 3.82 --- --- --- 0.10 60.70 0.99 0.67 28.60 0.92 

 

4.5 Discussion 

In this study, three groups of DMLS-AlSi10Mg samples with improved surface roughness 

by utilizing carefully selected DMLS processing parameters were fabricated. Albeit the 

surface roughness measurement data indicated improvement in the surface quality of the 

samples in the order of Regular < Surface 1 < Surface 2 sample, the performed 

electrochemical tests in aerated 3.5 wt.% NaCl solution at 25 °C confirmed a different trend 

for the corrosion performance and electrochemical stability of the samples in an order of 
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Surface 2 < Regular < Surface 1 sample. Therefore, a discrepancy was found between the 

samples’ surface roughness trend and their electrochemical stability as Surface 2 sample 

with the smoothest surface demonstrated the lowest corrosion performance. To elaborate 

on the corrosion behavior of the Regular and more smoothed samples herein, 

microstructural features of the samples in their upskin layer, including the size and 

distribution of Si precipitates embedded in the aluminum matrix, aluminum matrix cell size 

distribution, grain size and orientation of the aluminum matrix, and the morphological 

features of the corroded surfaces should be considered. It is well established that the melt 

pool boundaries of the DMLS-AlSi10Mg alloy, where larger Al dendrites enclosed by 

coarser Si precipitates are present, compared to the center of each melt pool, are the 

preferred sites for selective corrosion attack in Chloride containing environments 

[19,21,32]. The origin of this selective corrosion attack in the coarse regions at the 

periphery of each melt pool has been associated to the higher potential difference between 

the Si and the aluminum matrix within the coarse melt pool regions than in other areas of 

each melt pool, leading to a higher driving force for galvanic corrosion along the melt pool 

borders [21,32]. As more Si atoms leave the cubic Al crystals and either form new 

precipitates inside Al dendrites, or join and coarsen the pre-existing Si network at the 

border of Al dendrites, this Volta potential difference between the Si precipitates and the 

Al matrix signifies [21,110]. Consequently, the susceptibility of the surface to galvanic 

corrosion attack increases. Therefore, not only further expansion of the coarse MP regions 

towards the melt pool center, but also formation of coarser Al dendrites comprising a lower 
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content of Si solute atoms (in solid solution form), enclosed by coarser eutectic Si particles, 

can deteriorate the resistance of the surface against selective corrosion attack.  

Microstructural analysis of Surface 1 and Surface 2 samples revealed periodic 

formation of large and small melt pools in their upskin layers, which is one of the most 

prominent findings in this study and hitherto unreported for AM products, arising from 

employing a very small hatch distance in the fabrication process, and was rationalized by 

considering the solidification behavior of the samples. To further elaborate on this, it 

should be noted that the thermal conductivity at the boundaries between a melt pool in 

liquid or solid state and the neighboring unmelted metal powder is reported to be low 

[98,111], similar mechanism to low thermal conductivity of metal foams with high porosity 

[112], as opposed to the previously solidified deposited layer with drastically high thermal 

conductivity (120-170 Wm-1K-1 [113]). Therefore, the major heat dissipation during 

solidification of a melt pool is through the previously solidified layer. When the overlap 

between a fused melt pool and its adjunct solidified track is high (the case of Surface 1 

sample, shown in Figure 4-5c), the MP under solidification can experience extremely high 

cooling rates (as high as 105 K/s [114,115]). This leads to the formation of a microstructure 

with finer grain structure (Figure 4-13) and lower content of eutectic Si precipitates (see 

Figure 4-11) and an α-Al matrix with higher content of solute Si in solid solution form 

(Figure 4-11). In other words, the heat removal capacity from the large melt pools of 

Surface 1 sample was higher than that of Surface 2 and Regular samples, leading to a higher 

cooling rate and faster solidification of its upskin layer. The slower cooling rate of the large 
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MPs of Surface 2 sample leads to the formation of a more expanded HAZ and coarse MP 

regions adjacent to the large melt pools, characterized by having an aluminum cellular 

dendritic structure surrounded by coarser eutectic Si precipitates. This consequently leads 

to a greater potential difference between Si precipitates and aluminum matrix in MP-coarse 

regions, indicating a higher susceptibility of Surface 2 sample to selective corrosion attack, 

in spite of its lowest surface roughness.  

On the other hand, the faster solidification rate of the melt pools in Surface 1 sample 

hinders the precipitation and growth of Si phase even in its coarse melt pool regions, 

contributing to the formation of more confined coarse MP regions, containing Si and Al 

phases with lower potential differences. This suppresses the susceptibility of Surface 1 

sample to selective corrosion attack.  

Both microstructure and corrosion performance differences between the Regular and 

Surface 1 samples were not as significant as the ones between Surface 1 and Surface 2 

samples, even though the overlap between the two successive passes was smaller in the 

Regular sample than Surface 2 sample. This can be ascribed to the lower volumetric energy 

density that was used to fabricate the Regular sample, leading to the formation of smaller 

melt pools that could undergo a faster solidification rate than the large MPs in Surface 2. 

Hence, in the Regular sample, melt pools experience an intermediate cooling rate as the 

melt pools sizes are noticeably smaller than those in the other two samples, but the greater 

hatch distance in this sample contributed to an intermediate cooling rate during 
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solidification, and resulted in a corrosion performance between Surface 2 and Surface 1 

samples.  

Therefore, the microstructural characteristics of the samples fabricated using different 

processing parameters were found to be the dominant factor in controlling and dictating 

the corrosion properties of the DMLS-AlSi10Mg samples in the as-printed condition, than 

their surface roughness. This prominent remark should be taken into the consideration to 

avoid unforeseen failures of the additively manufactured parts, particularly for harsh 

environment applications, such as in marine [32,33,89], where abrupt surface degradations 

of the material in the environment can unexpectedly deteriorate the functionality and 

integrity of the components. 

 

4.6 Conclusions  

In this study, the microstructure and electrochemical properties of three groups of 

AlSi10Mg alloy parts with improved surface quality; namely Regular, Surface 1, and 

Surface 2 samples, produced by direct metal laser sintering (DMLS) were investigated. 

The following conclusions can be drawn from this study: 

1. Using appropriate combinations of DMLS process parameters enabled surface 

roughness improvement of the samples from Regular (Ra = 5.1 ± 1.5 µm) to Surface 1 

(Ra = 1.4 ± 0.5 µm), and Surface 2 (Ra = 1.1 ± 0.2 µm) samples, arising from the 

increased volumetric energy density and the reduced hatch distance employed in 

fabrication of Surface 1 and Surface 2 samples.  
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2. The reduced hatch distance resulted in a periodic formation of large and small melt 

pools in Surface 1 and Surface 2 samples. Formation of such bimodal structure was 

ascribed to the increased heat dissipation through the previously solidified track, 

leading to the formation of small melt pools, followed by an increased spacing for the 

powder particles to interact with the laser beam in the next track, leading to the 

formation of large melt pools in a cyclic manner. 

3. Microstructural analysis of the samples revealed noticeably larger microstructure in 

the coarse melt pool regions of the large MPs of Surface 2 sample, which was more 

extended towards the melt pool center, comprised a coarser Si network embedded in 

larger aluminum cellular dendritic structure. The large melt pools in Surface 1 and 

Regular sample were shown to exhibit a more confined MP-coarse and HAZ regions 

with finer cellular structure.  

4. The coarser microstructure of large melt pools in Surface 2 relative to Regular and 

Surface 1 samples was correlated to the lower cooling rate associated with the 

solidification of Surface 2 large melt pools, owing to the smaller overlap between the 

large and small melt pools in Surface 2 sample.  

5. Slower solidification rate of large MPs in Surface 2 sample was also confirmed by 

coarser aluminum grain structure possessing a stronger {100}<100> cubic texture.  

6. The large melt pools of Surface 1 sample exhibited a finer and more uniformly 

distributed grains having a weaker texture in its large melt pools, ascribed to the faster 
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cooling and higher solidification rate of the melt pools in this sample, resulted from 

the increased overlapping between its melt pools.  

7. To characterize and measure the electrochemical properties of all samples, anodic 

potentiodynamic polarization, cyclic potentiodynamic polarization, and 

electrochemical impedance spectroscopy were conducted in aerated 3.5 wt.% NaCl 

electrolyte at 25 °C. Polarization results revealed the highest corrosion potential 

accompanied by the lowest corrosion current density and the highest pitting potential 

for Surface 1 sample, confirming the highest resistance to general and pitting attack 

for Surface 1 than the other two samples. 

8. Surface 2 sample exhibited the lowest corrosion performance indicated by the lowest 

corrosion and pitting potentials along with the highest corrosion current density for 

this sample.  

9. EIS results also confirmed the existence of a more stable passive layer on Surface 1, 

providing a better resistance against corrosion, followed by the Regular and Surface 2 

samples. 

10. The corrosion morphology study of the surfaces after polarization testing also 

confirmed increased severity of pitting and selective corrosion attacks along the melt 

pool boundaries of the samples in the order of Surface 1 < Regular < Surface 2 

samples. 

11. The poor corrosion performance of Surface 2 sample was attributed to the coarser 

microstructure of both Al dendrite and Si precipitates along the borders of its large 
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MPs, consequently contributing to formation of a higher potential difference between 

the Si network and Al matrix in that region, representing a greater driving force for 

galvanic corrosion.  

12. The faster cooling and solidification rate of large MPs in Surface 1 sample limited 

the coarsening of aluminum dendrites and Si precipitates in the large MP regions and 

contributed to a reduced potential difference between Al and Si phases in that region, 

leading to the reduced susceptibility of the alloy to both pitting and selective corrosion 

attacks. 

 

 

 

 

 

 

 

 

 

 

 



 

 139 

Chapter 5 

SUMMARY AND FUTURE WORK 

5.1 Summary 

In this research, with the primary goal of understanding the corrosion performance and 

electrochemical behaviour of direct metal laser sintered (DMLS) AlSi10Mg alloy versus 

its cast counterpart, A360.1 alloy, initially, general microstructure and corrosion properties 

of the DMLS-AlSi10Mg were evaluated and compared with those of the cast A360.1 alloy, 

using various characterization, polarization, and electrochemical impedance spectroscopy 

testing techiques. The microstructure of the DMLS-AlSi10Mg alloy was characterized by 

by a cellular dendritic structure composed of dendrites of the α-Al solid solution and the 

interdendritic Si particles, entirely different from the heavily precipitated microstructure of 

the cast alloy. An improved corrosion resistance was detected for the DMLS fabricated 

alloy correlated to the fine microstructure, uniform distribution of fine Si particles without 

formation of any intermetallic resulted from extremely rapid cooling and solidification rate 

during DMLS process. However, the melt pool boundaries in the DMLS fabricated alloy 

were found to be susceptible to a selective corrosion attack on the α-Al matrix, where Si 

particles separate as idiomorphic crystals.   

Following the initial step of this research, the impact of post-printing surface finishing 

procedures, including grinding and sandblasting, on the corrosion performance of the alloy 

was also investigated. The results highlighted an improved corrosion resistance of the 

DMLS-AlSi10Mg alloy after surface grinding, attributed to the formation of a stable, 
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dense, and thick passive film on its surface. Differently, the as-printed and sandblasted 

surfaces were found to be more susceptible to corrosion attack due to the existing surface 

porosities and the superficial roughness on the surface of these samples.  

Since the superficial roughness on the surface of as-printed DMLS-AlSi10Mg alloy 

was found to be detrimental to the corrosion performance of the alloy, significantly lowered 

surface roughness values were achieved by tuning the DMLS process parameters instead 

of applying a post-printing operation. Interestingly, the reduced hatched distance used in 

fabrication of DMLS-AlSi10Mg samples led to formation of a periodic large and small 

melt pools in the structure. The larger melt pools revealed a coarser microstructure 

comprised of a coarser Si network embedded in larger aluminium cellular dendritic 

structure possessing a stronger {100}<100> cubic texture. The samples containing larger 

melt pools revealed a poor corrosion resistance in spite of their improved surface 

roughness. This behaviour was was attributed to the coarser microstructure of both Al 

dendrite and Si precipitates along the borders of its large MPs, consequently contributing 

to formation of a higher potential difference between the Si network and Al matrix in that 

region, representing a greater driving force for galvanic corrosion.  

 

5.2 Recommendations for Future Research 

The following topics are suggested for future research: 

1. In current thesis, to evaluate the impact of the surface roughness on the electrochemical 

stability of the low surface roughness DMLS-AlSi10Mg samples, all corrosion testing 
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had to be done on the as-printed surfaces. However, to study only the impact of 

microstructure on the corrosion resistance of the samples, the contributions from the 

surface roughness or any other impacting surface related factor, such as surface 

porosities, has to be eliminated, and all tests should be done on polished surfaces. This 

is a subject for a future study. 

2. All the samples in current study were fabricated using virgin feedstock metal powder. 

This potentially increases the cost of fabrication process. One way to increase the 

affordability of the DMLS process is to minimize wasting of the feedstock metal 

powder and collecting the remaining powder after each building cycle and reuse it. 

However, the impacts of utilizing re-used powder on the formation of solidification 

defects and corrosion properties of the fabricated parts are still unknown. This is also 

another subject for a future study. 

3. Finally, for many industrial applications, using dissimilar aluminum alloys with 

different chemical compositions is common. Such dissimilar metal combinations can 

potentially be fabricated using DMLS process. However, due to the susceptibility of 

dissimilar metals to galvanic corrosion attack, evaluating the electrochemical behavior 

of such dissimilar metals are critical and demands for extensive analysis in the future.    
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