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ABSTRACT 

 

 AlSi10Mg is a widely used material in the aerospace industry. Extended exposure to elevated 

temperatures can have a detrimental effect on it. In this work, multiple AlSi10Mg horizontal bars 

and vertical rods were fabricated using an L-PBF system. Following ASTM F3318-18, the material 

blanks were HIPed (Hot Isostatic Pressed). Emulating service temperatures, these blanks were 

aged at 177°C for 10, 100, and 1000h. Fatigue test specimens were machined down from the aged 

blanks. The machined specimens were subjected to a force-controlled fatigue test as per ASTM 

E466-15 with two stress levels: one within the elastic range (62MPa) of the material and another 

close to UTS (124MPa). The results indicated that even aging for 10h can dramatically reduce the 

fatigue life of the alloy. The work concludes with discussion on the reduction of fatigue life and 

visible progressive change in the ductility of the alloy with respect to the aging time. 
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Nomenclature 

 

L-PBF – Laser Powder Bed Fusion 

HIPed – Hot Isostatic Pressed 

YS – Yield Strength 

UTS – Ultimate Strength 

HT – Heat Treatment 

°C – Degree Celsius 

µm – Micrometer 

MPa- Megapascal 

Φ – Diameter 

HV- Hardness Value 
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INTRODUCTION 

 

Lightweight materials are always a primary focus in the modern aerospace industry. With the 

expansion of additive manufacturing technology, the possibility for the fabrication of complex and 

lightest weight structures has surpassed from rapid prototyping and moving forward to mass 

production[1], [2]. 3D printing with powders has recently drawn the attention of engineers and 

scientists because of its versatile application in harsh environments[3]–[5]. Especially in the metal 

additive manufacturing sector- technologies like Powder Bed Fusion (PBF), Direct Energy 

Deposition (DED), Binder Jetting, etc., have constantly been used to develop complex geometries 

to aid modern aerospace and defense applications [6]–[9]. Thanks to improved powder materials 

and modern additive technologies, it is possible to manufacture lighter and cost-efficient 

components for the defense and aerospace sector. 

 High-strength aluminum alloys- Due to their low weight, superior strength, and corrosive 

resistance properties, are widely used materials in the industry[11]. Especially AlSi10Mg, which 

has a density of ~2.66g/cm3 and a low melting point ranging from 570-590°C, is widely used to 

fabricate machined parts, heat exchangers, timing gears, automotive parts, and modern aerospace 

components[12], [13]. But, Al-Si parts are prone to porosities and defects, limiting the ability to 

obtain desired mechanical properties[14]–[19]. Nevertheless, it is possible to overcome such 

limitations by implementing powder bed fusion technology, especially Laser Powder Bed Fusion 

(L-PBF).  

Previous studies done with AlSi10Mg alloy with L-PBF have shown that it is possible to 

produce parts having nominal yield stress (YS) around 300MPa in contrast to almost 170 MPa 

seen for casted parts[20]. In addition, Numerous investigations of the post-heat treatment (HT) 

process of LPBF fabricated AlSi10Mg alloy, including stress relief (SR) anneals ranging around 

200-540°C for 1 to 2 hours, solution treatments up to 550°C for 2 hours, Hot Isostatic Pressing 

(HIP) in 100MPa nitrogen environment at temperature up to 525°C for 2hours, and tempering or 

aging up to 530°C at holding times up to 10 hours along with various combinations were 

conducted. These HT processes have resulted in a variety of mechanical properties in processed 

and post-processed L-PBF samples. Without HT, YS value was observed near 300MPa, and UTS 

value close to 480MPa while elongation was around 5 to 8%. After the HT, the YS transformed in 

a range of 80MPa to 170MPa with UTS  in a range between 100MPa to 190MPa while varying 

the elongations ranging around 6 to 24%[21]–[31].  

This present study is aimed to investigate the fatigue performance of thermally aged AlSi10Mg 

alloy samples. These blanks were fabricated using LPBF and subsequently HIPed following 

ASTM F3318-18 at 510°C - 520°C, 100MPa for 3 hours. Then the HIPed blanks were thermally 

aged at 177°C for 0,10,100 and 1000 hours in the air. Later, the specimens were machined for the 

fatigue test: one in the range of YS at 62MPa and another near UTS at 124MPa, and the fatigue 

endurance was evaluated. 
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METHODOLOGY 

Powder Feed 

 AM 103C grade AlSi10Mg pre-alloyed powder (Inert gas atomized) from Valimet (Stockton, 

California) was used for the L-PBF system. The size and shape of the powder were analyzed using 

a Retsch Camsizer X2 (Haan, Germany) and shown in Figure 1. The size distribution ranged from 

25 to 70 µm illustrated in where d10: 25.2µm, d50: 39µm, and d90: 59.2µm, respectively. 

Metallographic assessment of the internal section exhibited a micro-dendritic alpha-Al 

composition with secondary arm spacing of almost 1 micron, as shown in Figure 2. 

  

 

 

 

 

 

 

 

Figure 1: SEM images of Gas Atomized AlSi10Mg powder a) 100µm , b) 20µm 

Figure 2: Section View of Powder particle revealing micro dendritic structures 

(a) (b) 

327



EOS M290 L-PBF systems 

 The LPBF system used was EOS M290 (Kralling, Germany). It uses a 400W Yb-fiber laser 

and has an internal build volume of 250 x 250 x 325 mm[32]. A total of 48 (24 specimens in each 

orientation) Z-oriented vertical rods of 14mm x80 mm (Φ x H) and 24 XY-oriented bar blanks of 

14 mm x 17mm x 76mm (L x W x H) were printed as test specimens. 

 

Print Parameters 

 Process parameters used for the LPBF system were pre-developed (as shown in Table 1) and 

able to produce builds with an average density of 2.65g/cm3. This density was determined using a 

gas pycnometer which is equivalent to 99.25% of the density of 2.67g/cm3 EOS datasheet for 

AlSi10Mg printed in layers of 30µm with M290 systems[33]. 

Table 1: Process Parameters used in EOS M290  

Laser Power 300W 

Preheat Temperature of Bedplate 80°C 

Scanning Speed 1000 mm/s 

Hatch Distance 130 µm 

Layer Thickness 30 µm 

Print Pattern Striped with 7mm width and 20µm overlap distance 

 

Thermal Post-Processing: HIP and Aging 

 The As-build AlSi10Mg blanks and rods (a total of 48 specimens) were subjected to HIP as per 

ASTM F3318-18 standard[34].HIP was done at 515°C at 100MPa for 3 hours and cooled under an 

inert atmosphere to below 94°C. Followed by HIP, the blanks and rods were separated into four 

groups of twelve specimens: 6-Vertical (Z) and 6-Horizontal (XY), to be aged at 177°C for 0h, 

10h, 100h, and 1000h. 

 

Fatigue Test 

 The specimens were machined from aged blanks for the fatigue endurance test following as 

per ASTM E466-15[35]. Based on previous findings, the YS and UTS for LPBF fabricated HIPed 

specimen was found to be 82MPa and 124MPa, respectively. The fatigue test was performed at 

two stress levels: one near the YS at 64MPa and the other at UTS at 124MPa. Three specimens 

followed the same orientation under each stress level. A sinusoidal waveform at 50Hz and R-value 

of 0.1 at room temperature of 22°C and 45% humidity was maintained throughout the fatigue test. 
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Hardness Test 

 Struers Duramin-A300 (Struers, Cleveland, OH, USA) hardness tester was used, followed by 

Vickers (HV) scale for the measurements. 100gf and a dwell time of 5 seconds were applied for 

the test. Three numbers of indentations with separated nominal spacings of 1mm were done on 

two vertical (X and Y) and horizontal (Z) samples. The average of the indentations was used to 

calculate the hardness. Satorius CP124S weight balance was used to determine the mass, and  

Accupyc II 1340 pycnometer was used to measure the volume by helium pycnometry. From these 

mass and volume measurements, density was calculated. 

 

Microstructure characterization 

For the characterization, the samples were derived from the unstressed portion of fatigue-tested 

specimens and cut into vertical and horizontal planes to analyze. Then ATM Opal 460 (Haan, 

Germany) mounting hot press was used to mount the cut samples in epoxy. Afterward, the samples 

were ground and polished with ATM SAPHIR 530 semi-automatic systems. After that, the samples 

were submerged for 10 seconds in Keller’s etchant, and the microstructure was revealed using 

Olympus GX53 inverted optical microscope (Olympus Inc, Tokyo, Japan).  

 

RESULTS AND DISCUSSION 

 

Correlating Hardness value and Microstructure Characterization 

 The average density and hardness value of the specimens to printing orientation and aging hour 

is represented in Table 2. The density ranged from 2.65g/cm3 to 2.66g/cm3 for all test specimens, 

irrespective of the aging period. Hardness values measured from vickers micro indentation were 

consistent between horizontal and vertical planes, with lower HV values found for specimens aged 

100h and 1000h. The microstructures of HIPed AlSi10Mg showed uniform distribution of Silicon 

(Si) particles in Figure 3. No visible microstructural changes can be concluded after observing 

aging time from 0 hours to 1000 hours. However, specimens aged for 1000h showed finer Si 

particles of size below 3µm. 

Table 2: Density and hardness value based on printing orientation  

Test 

Matrix 

HIPed 

AlSi10Mg 

Thermally aged at 177°C 

0 hours 10 hours  100 hours 1000 hours 

XY Z XY Z XY Z XY Z 

Density 

(g/cm3) 
2.65 2.65 2.65 2.66 2.65 2.66 2.65 2.65 

Hardness 

(HV) 
60 59 59 60 49 60 45 47 
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Fatigue Properties 

 The evaluated fatigue properties for both: near YS at 62MPa and UTS at 124MPa for the aged 

HIP AlSi10Mg are represented in Table 3. The specimens tested at 75% (62MPa) of the YS, were 

able to surpass five million cycles and, therefore, discontinued. There was no visible crack or 

failure indicators observed for the specimens tested, as shown in Figure 4. 

 However, the fatigue specimens tested at UTS (124MPa) were prone to fracture at a different 

number of cycles in a visible correlation to their aging time, as shown in Table 3. The graph shown 

in Figure 5 presents the S-N plot for all the specimens tested at the UTS level (124MPa). The series 

of the graph consists of a group of three specimens each, and the names of the series indicate the 

HIP condition followed by aging time at 177°C (0h, 10h, 100h, and 1000h) and printing orientation 

(Z or XY). Progressive decay in the number of loading cycles was observed in Table 3 and Figure 

5. The highest endurance was observed for the specimens that were not subjected to aging, and the 

Figure 3: Microstructure of HIP AlSi10Mg showing uniformly displaying Si Particles.                      

    Aging time corresponds to a) 0, b)10, c)100 and d) 1000 hours at 177°C 

(a) (b) 

(c) (d) 
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lowest was found for the 1000h aged specimens: with a maximum 99% reduction in the number 

of cycles with respect to unaged specimens. An important observation concluded from this 

observation is that the average number of cycles of unaged XY and Z specimens dropped from 

1.31 and 1.23 million cycles to 0.8 and 0.87 million cycles, respectively, which represents that 

even aging for 10h can reduce the number of load cycle by 29% to 38% with respect to their 

printing direction as shown in Table 3. The specimens aged for 100h fractured in a range between 

0.49 million to 0.73 million cycles in Figure 5(a) and Figure 5(b). On the other hand, the endurance 

of the specimens aged for 1000h was observed to range from 0.01 million to 0.02 million load 

cycles. Surprisingly, one unaged Z specimen tested at UTS (124MPa) surpassed the threshold 

value of 5 million cycles and was discontinued (Table 3). This outlier specimen was not considered 

while calculating the average number of cycles in Table 3.    

 

 

Table 3: Evaluated fatigue properties Number of load cycles to failure (in Millions) 

Test Matrix of 

AlSi10Mg HIPed Samples 

Thermally aged at 177°C 

0 hours 10 hours 100 hours 1000 hours 

XY Z XY Z XY Z XY Z 

 

 

STRESS 

LEVEL 

62MPa +5 +5 +5 +5 +5 +5 +5 +5 

Average +5 +5 +5 +5 +5 +5 +5 +5 

         

124MPa 1.22, 

1.19, 

1.53 

1.21, 

1.25, 

+5 

0.77, 

0.90, 

0.75 

0.72, 

0.82, 

1.06 

0.73, 

0.53, 

0.49 

0.63, 

0.59, 

0.68 

0.02, 

0.02, 

0.02 

0.01, 

0.01, 

0.02 

Average 1.31 1.23 0.81 0.87 0.58 0.63 0.02 0.01 

Reduction in 

Number of Cycle (%) 

Average 0 0 38% 29% 55% 48% 98% 99% 

Figure 4: Two Z- Specimens tested for fatigue after 5 million cycles at 62MPa: (a) Unaged, (b) 1000h Aged                     

     

(a) (b) 
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Investigation of the outlier specimen 

 From Table 3, one unaged specimen of Z orientation surpassed 5 million cycles and was 

investigated with respect to other Z-oriented specimens of the unaged group. The hardness values 

derived for these specimens were 55.6, 58.7, and 54.7, respectively (Table 4). Therefore, no solid 

conclusion to differentiate can be yielded from the hardness values. Figure 6 represents the 

microstructure of the unaged Z-oriented specimens. Here, also no notably visible difference was 

observed in microstructural features.  

 

Table 4: Hardness Value of Z-oriented unaged Samples  

Z- Orientation -0h aged Hardness Value 

1 55.6 

2 58.7 

3 (Outlier) 54.7 
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Failure Analysis 

 The fracture profiles shown in Figure 7 indicate that the specimens developed higher ductile 

features, such as reduced cross-section due to necking as well as cup and cone fracture modes with 

increased time of aging. The 1000h aged specimen demonstrated the highest ductility in fracture 

profile: showing well-defined cup and cone fracture features.  

 SEM fractography was further analyzed to observe the fracture surfaces of the Z and XY 

specimens at different aging times, as shown in Figure 8. It is observed that the fracture cross-

section reduces with a longer aging time. Initially, it consists of a smooth texture with concentric 

lines merging to a crack initiation point and mapping out the directionality of crack propagation. 

Then, there is a rough surface which is the result of the rapid and final fracture. Higher aged 

specimens showed fewer features of these two textures due to ductility, which introduces more 

significant deformations accompanied by a more uniform stress distribution in the cross-section. 

Therefore, a higher uniform texture was observed for the longer thermally aged specimens in 

Figure 8.  

(a) (b) 

Figure 6: Microstructure of Z-oriented unaged Specimen (a) 1, (b) 2, (c) 3(outlier)                     

     

(c)  
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 In addition, smooth and rough textures corresponding to crack propagation on both 0h and 

100h XY specimens were less rough in Z specimens. This suggests although it is commonly 

believed that HIP post-processing removes microstructural anisotropy caused in LPBF systems, It 

cannot be entirely eliminated. The rougher surfaces in Z-specimens than XY-specimens verify it.  

 High magnification SEM images were also examined where the rapid fracture occurred, as 

shown in Figure 9. It is seen that the fracture surface of the unaged Z specimen in Figure 9(a) had 

less voids and dimples in comparison to the surface of the Z specimen of 1000h aged in Figure 

9(b). These differences were consistent and supported the previous observation on the fracture 

profiles and surfaces shown in Figure 7 and Figure 8, suggesting increased ductility for higher 

aged specimens. 

 

 

 

 

 

 

 

 

  

 

 

 

(a)  (b)  (c)  (d) 

(a) 

(b) 

Figure 7: Fracture profiles at different aging time (Z and XY) (a) 0h, (b)10h, (c)100h, (d) 1000h 

XY XY XY XY 
Z Z Z 

Z XY 

Z XY Z XY Z XY Z XY 

Z XY 

334



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) (b) 

(c) 

(d) 

Figure 8: SEM fractography at different aging time (Z and XY) (a) 0h, (b)10h, (c)100h, (d) 1000h 

Figure 9: High Magnification SEM fractography at different aging time Z- orientation (a) 0h, (b) 1000h 

XY Z 

Z XY 

Z XY 
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CONCLUSION 

 

This research started with the goal of evaluating the fatigue performance of thermally aged L-

PBF  AlSi10Mg HIPed specimens. Therefore, L-PBF AlSi10Mg samples (built-in Z and XY 

directions) were HIPed and thermally aged for 0, 10h, 100h, and 100h at 177°C emulating the 

service condition. After that, the specimens went through a fatigue test: one near YS at 62MPa and 

another in UTS at 124MPa for evaluation.  

Observing the microstructures, no evident change had been noticed at higher HIPed thermally 

aged samples. However, the fatigue test yielded dramatic results. For the fatigue test inspected 

near YS at 62MPa, the specimens in both directions lasted more than 5 million cycles and therefore 

discontinued.  

On the other hand, specimens tested at UTS at 124MPa showed a dramatic reduction in the 

number of cycles with respect to aging time. It has been found that even 10 hours of thermal aging 

can reduce the fatigue life of a specimen by 29 to 30%, which is a considerable drop. Also, it was 

observed that 1000 hours of thermal aging reduce the fatigue life up to 98% of the fatigue life for 

the HIPed AlSi10Mg alloy fabricated from the LPBF machine.  

Diving into the fracture surface from the UTS fatigue specimens, it was seen that prolonged 

thermal aging gradually promotes ductility. Features like reduced cross-section increased necking, 

and cup and cone fracture profiles are progressive toward the 1000 hours of aging, validating the 

increased ductility of specimens due to aging.  

Furthermore, despite having identical fatigue endurance for both Z and XY specimens, the 

SEM fractography showed a noticeable difference between both. Z specimens had higher, less 

ductile textures in SEM fractography than the XY specimens. The ductility was less prominent for 

the 0h and 10h than the 100h and 1000h specimens. This suggests a future investigation of whether 

hot isostatic pressing can entirely eliminate the microstructural features of the inherent printing 

and to what degree of homogenization is allowed as ideal conditioning.  
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