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A B S T R A C T

This study investigates the influence of an innovative high-pressure heat treatment (HPHTTM), a single-step 
process that integrates hot isostatic pressing and heat treatment, on the microstructure, mechanical response, 
and very-high-cycle fatigue (VHCF) behavior of powder bed fused–laser beam (PBF-LB) AlSi7Mg alloy. A 
comprehensive set of characterization and testing, including advanced electron microscopy, high-resolution 
micro-CT, uniaxial tensile testing, and ultrasonic fatigue testing, was employed to establish quantitative corre
lations among defect population, microstructural evolution, mechanical properties, and fatigue resistance. 
Fractographic analysis using optical and scanning electron microscopy enabled detailed identification of crack- 
initiation modes across the examined fatigue regime. The HPHTTM process produced a marked transformation of 
the PBF-LB microstructure, including dissolution of the characteristic Al–Si cellular network and the formation of 
a refined distribution of nanoscale precipitates in the aged condition. Stress amplitude–life data revealed fatigue 
strengths at 109 cycles of 479.8 MPa, 231.0 MPa, and 225.1 MPa for the as-built, HPHTTM + aged, and HPHTTM 

conditions, respectively. These results collectively highlight the competing roles of defect mitigation, micro
structural homogenization, and precipitation hardening in governing the long-life fatigue behavior of additively 
manufactured AlSi7Mg, and they demonstrate the potential of HPHTTM as a process route for tailoring the 
balance between strength, ductility, and VHCF performance.

1. Introduction

Aluminum–silicon (Al–Si) alloys, particularly AlSi7Mg (F357) and 
AlSi10Mg, are among most widely printed materials through powder 

bed fusion–laser beam (PBF-LB) due to their desirable engineering 
characteristics such as low density, high specific strength, good corro
sion resistance, weldability, recyclability, and relatively low cost of the 
powder compared to other aluminum alloys [1–3]. In PBF-LB of Al-Si 

Abbreviations: BF, Bright Field; BSE, Backscattered Electrons; EBSD, Electron Backscatter Diffraction; EDS, Energy-Dispersive X-Ray Spectroscopy; FFT, Fast 
Fourier Transform; GP, Guinier–Preston; HAADF, High-Angle Annular Dark-Field; HCF, High-Cycle Fatigue; HIP, Hot Isostatic Pressing; HPHTTM, High-Pressure Heat 
Treatment; HR-TEM, High-Resolution Transmission Electron Microscopy; IPF, Inverse Pole Figure; OM, Optical Microscopy; PBF-LB, Powder Bed Fusion–Laser Beam; 
PSD, Particle Size Distribution; SAED, Selected Area Electron Diffraction; SEM, Scanning Electron Microscopy; SLM, Selective Laser Melting; STEM, Scanning 
Transmission Electron Microscopy; URQ®, Uniform Rapid Quenching; USF, Ultrasonic Fatigue; VHCF, Very High Cycle Fatigue; XCT, X-Ray Computed Tomography.
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alloys, the rapid solidification rates inherent to the PBF-LB process refine 
the grain structure and promote a more uniform distribution of silicon 
particles and Mg2Si precipitates [4,5]. This results in improved strength, 
fatigue resistance, and surface quality compared to conventionally cast 
counterparts [6,7].

Unlike cast Al-Si materials, the material produced by PBF-LB con
tains process-induced defects such as porosity, lack of fusion, keyhole, 
surface roughness, and residual stresses, all of which significantly affect 
fatigue performance, limiting the use in demanding industries [8–10]. 
Therefore, post-processing treatments such as surface processing, heat 
treatment, and hot isostatic pressing (HIP) are often required to tailor 
the microstructure, improve the density of the printed parts, and/or 
enhance the surface quality [11,12].

Sole T6 heat treatment (solutionizing followed by quenching and 
artificial aging) of PBF-LB AlSi7Mg has been shown to reduce the 
strength and fatigue performance due to coarsening of Si particles and 
diffusion-driven growth of pores [13–15]. Similarly, HIP-only treat
ment, although effective at collapsing internal volumetric defects and 
increasing part density, does not provide meaningful precipitation 
strengthening. The high-temperature hold during HIP promotes coars
ening of the Si network and causes dissolution or over-aging of Mg2Si- 
and iron-rich precipitates, leaving the alloy in a softened condition. To 
restore and enhance mechanical performance, a subsequent aging 
treatment is required to reintroduce fine, uniformly distributed 
strengthening precipitates. Thus, while both sole T6 and HIP-only 
treatments have limitations, combining HIP with post-HIP aging (e.g., 
a full T6 cycle) is essential for achieving the desired strength and fatigue 
resistance. It is also important to note that heat treatments such as T6 
can promote the nucleation and growth of hydrogen pores, potentially 
compromising the high density achieved by HIP and degrading me
chanical properties.

A new heat treatment method developed by Quintus Technologies, 
known as high-pressure heat treatment (HPHTTM), integrates both HIP 
and T6 heat treatment in a single step. A novel Uniform Rapid 
Quenching (URQ®) HIP furnace allows for HPHTTM by combining the 
standard HIP process and T6 solution heat treatment and quench 
[16,17]. This innovative heat treatment can achieve both densification 
and hardening effects typical of T6 heat treatment, while reducing the 
chances of any pores re-opening [14,16]. Additionally, HPHTTM offers 
other benefits, such as reduced processing time and lower geometric 
distortion of complex geometries, and because pressure is applied during 

Fig. 1. (a) Fabricated cylindrical PBF-LB AlSi7Mg samples. (b) The ‘layer-by-layer’ scanning strategy with a rotation angle of 67◦ for each layer. (c) Hourglass VHCF 
test specimen.

Fig. 2. Schematic representation of the two heat treatments: (a) HPHTTM, (b) 
HPHTTM + Aged.

Table 1 
HPHTTM solution-age thermal process parameters.

Process Temperature Pressure Time

HIP/Solution 538℃ ± 6℃ 100 MPa ± 3 MPa 3 h ± 15 min
Gas Quench 32℃ 100 MPa ± 3 MPa N/A
Age 160℃ 0.1 MPa (Atmospheric) 6 h ± 15 min
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all thermal segments, hydrogen blistering can be prevented.
Understanding how the fatigue performance of the alloy can be 

enhanced when subjected to different post-processing treatments en
ables the broader industrial adoption of PBF-LB Al–Si alloys in critical 
applications. Limited studies have explored the effect of post-processing 
treatments in the high-cycle fatigue (HCF) regime and very high-cycle 
fatigue (VHCF) of PBF-LB AlSi7Mg, and to the best of the authors’ 
knowledge, the effect of HPHTTM on VHCF performance has not been 
studied yet, which highlights the need for this study.

Nasab et al. [18] studied the combined effect of surface anomalies 
and volumetric defects on the HCF assessment of AlSi7Mg fabricated via 
PBF-LB and found that both surface anomalies (such as roughness) and 
volumetric defects (such as internal pores) significantly influence the 
fatigue behaviors of the additively manufactured AlSi7Mg alloy. In a 
subsequent study, Nasab et al. [19] investigated the fatigue behavior of 
additively manufactured laser shock peened AlSi7Mg alloy and reported 
that the post-processing method improved the fatigue life when 
compared to the as-built parts. Martins et al. [20] studied the effect of 
platform temperature combined with a T5 heat treatment on the HCF 
response of AM AlSi7Mg. Understanding how the fatigue performance of 
the alloy can be enhanced when subjected to different post-processing 
treatments enables the broader industrial adoption of PBF-LB Al–Si al
loys in critical applications of AlSi7Mg alloy, and found improved fa
tigue life of the T5 specimens. Liu [21] showed that process-induced 
microstructural anisotropy plays a critical role in the fatigue crack 
growth mechanism. Zhao et al. [22] investigated the VHCF behavior and 
ultra-slow crack propagation behavior of PBF-LB AlSi7Mg alloy under 
as-built conditions, but the effect of any post-heat treatment was not 
studied. Tusher and Ince [8] investigated the influence of T6 heat 
treatment on the VHCF response of PBF-LB AlSi7Mg alloy (relative to the 
as-built counter material) and found that the T6 heat treatment reduces 
VHCF strength. They, however, did not study the effect of HIP and HIP 
+ T6 on the mechanical properties and VHCF response of the alloy.

This study aims to evaluate the VHCF performance of the PBF-LB 
AlSi7Mg alloy upon applying a novel HPHTTM that integrates HIP and 
heat treatment along with a separate T6 aging cycle. The objective of 
this study is to investigate VHCF behavior and compare it with the as- 
built condition, and quantify the controlling mechanism(s) of VHCF 
crack initiation. The novelty of the work lies in the application of a time- 

efficient HPHTTM cycle, which consolidates densification and heat 
treatment in one step, to PBF-LB Al–Si alloys, a heat treatment approach 
not yet explored for VHCF performance, not only in cast AlSi7Mg but 
also in any PBF-LB Al–Si alloys. This study contributes to a more 
widespread industrial use of PBF-LB AlSi7Mg alloy in critical applica
tions where components could be exposed to an extended number of 
cyclic loadings beyond 10 million cycles. To this end, there is a critical 
gap in understanding the fatigue behavior of PBF-LB AlSi7Mg alloy in 
the VHCF regime and how the HPHTTM process influences the VHCF 
performance with attention to microstructural evolution, although 
previous studies have studied the VHCF of PBF-LB AlSi7Mg in the as- 
built state [8,22] and conventional T6 aged condition [8]. This study 
seeks to add important new understanding to the existing knowledge 
base and expand the safe application of additively manufactured 
AlSi7Mg in critical engineering applications.

2 . Experimental Procedure

2.1 . Starting material

The powder used in the Selective Laser Melting (SLM) Metal 3D 
Printer was gas-atomized AlSi7Mg powder supplied by IMR Metal 
Technologies (Frankfurt am Main, Germany). The chemical composition 
of the powder is (Si: 7.10 %, Mg: 0.56 %, Fe: 0.08 %, Ti: 0.07 %), and the 
powder is mainly spherical with a particle size distribution (PSD) of D10: 
26.4 μm, D50: 39.7 μm, and D90: 59.7 μm.

The SLM 280HL system was employed to fabricate cylindrical sam
ples made of AlSi7Mg alloy. The fabrication process employed pro
cessing parameters, including a scanning speed of 1200 mm/s, a laser 
power of 370 W, a hatch spacing of 190 µm, a layer thickness of 30 µm, a 
laser spot diameter of 0.100 mm, and an inert gas flow rate of 3 L/min. 
The build plate was maintained at a temperature of 100 ◦C throughout 
fabrication. Cylindrical specimens with a diameter of 12 mm and height 
of 80 mm were produced in a vertical build orientation, as shown in 
Fig. 1(a), such that the build direction coincided with the direction of 
fully reversed tension–compression cyclic loading. The layer-wise scan 
pattern employed a 67◦ rotation between successive layers (i.e., the scan 
vector was rotated by 67◦ from one layer to the next); Fig. 1(b). To 
reduce contamination and prevent defects arising from external 

Fig. 3. (a) Hourglass specimen geometry and dimensions for USF testing of PBF-LB AlSi7Mg. All dimensions are in mm, (b) USF testing setup.
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impurities, argon gas was continuously used during the entire 
manufacturing process. A total of 21 cylindrical samples were fabricated 
for this study. After printing, the deposited cylindrical samples were cut 
from the substrate and heat-treated.

2.2. Heat treatment

PBF-LB AlSi7Mg cylindrical samples were heat treated with an 
HPHTTM strategy at Quintus Technologies Application Center (Colum
bus, OH), which combines HIP, solution heat treatment, and quenching 
all in the same HIP vessel under high pressure with the use of a URQ 
furnace. At the end of the HIP (538 ◦C ± 6 ◦C) at 100 MPa, samples were 
directly gas quenched with a quenching rate greater than 2000 ◦C /min 
with Argon until the cylindrical samples reached 32 ◦C. Artificial aging 
at a lower temperature was not suitable to be performed in the same HIP 
furnace due to the thermocouple types being used for the control. 
Hourglass specimens for ultrasonic fatigue (USF) testing were machined 
down from the cylindrical samples after HPHTTM. Artificial aging of the 
hourglass specimens was performed in a separate heat furnace at 160 ◦C 
for 6 h. A schematic representation of two heat treatments is shown in 
Fig. 2, and the process parameters are shown in Table 1. A total of 21 
fatigue specimens underwent HPHTTM treatment, of which 8 fatigue 
specimens were artificially aged.

2.3 . Microstructure analysis and fractography

Scanning electron and transmission electron microscopy (SEM and 
TEM) were utilized for high-resolution imaging to quantify the size, 
shape, and morphology of the ultrafine grains and precipitates. The 
grain structure and texture were investigated through electron back
scatter diffraction (EBSD) analysis, and the chemical composition of the 
fine precipitates was analyzed through TEM-based energy dispersive 
spectroscopy (EDS).

SEM imaging and EBSD analyses were performed using a Thermo 
Fisher Scientific Helios 5 PFIB CXe SEM equipped with an Oxford In
struments Symmetry S3 EBSD detector. Backscattered electron (BSE) 
imaging was conducted at 5 kV, while EBSD data were acquired at 20 
kV. Map and step sizes were optimized to capture global and local mi
crostructures. EBSD maps in a size of 270 × 180 μm were collected with 
a step size of 0,5 μm. EBSD data processing was performed using the 
Hough transform and the Aztec software. EBSD data were further 
analyzed with ATEX software to generate inverse pole figures (IPF) and 
grain size distribution plots [3,23]. Samples for SEM and EBSD analysis 
were mechanically ground on water abrasive papers, polished using 
diamond suspension, and finally polished using vibrational polishing on 
silica suspension.

TEM analysis was performed using an FEI Tecnai TF20 X-TWIN field 
emission gun microscope operating at 200 kV. Thin foils were prepared 

Fig. 4. EBSD images of HPHTTM PBF-LB AlSi7Mg: (a, c, e) XY plane showing fine grain structure with uniform distribution; (b, d, f) XZ plane showing large columnar 
grains. (a, b) Inverse pole figure (IPF) maps; (c, d) pole figures; (e, f) grain size maps.
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by grinding to ~ 100 µm thickness, followed by twin-jet electropolishing 
in a 30 % HNO3 methanol solution at − 35 ◦C using a Struers TenuPol 
system. High-resolution TEM (HR-TEM), high-angle annular dark field 
(HAADF) imaging, bright field (BF) imaging, selected area electron 
diffraction (SAED), and EDS were conducted to obtain detailed insight 
into microstructure [3,23].

The post-mortem fractography analysis was conducted to quantify 
crack initiation, crack propagation, and final fracture using a two-step 
characterization approach. Initial observations were performed using 
a Keyence VHX-600 digital microscope at low magnification to identify 
overall fracture morphology (crack initiation location, crack propaga
tion region and final overload fracture region). Then, SEM with an FEI 
Quanta 3D FEG System was used for the detailed examination of the 
fractured surface.

2.4 . Porosity analysis

A 3D porosity analysis was performed at the gauge section of the 
hourglass fatigue specimens using custom-built X-ray computed to
mography (XCT) at the J-Tech@PoliTO laboratories to examine the 
three-dimensional distribution of defects and to characterize the pore 
morphology and size variation within the two specimens (HPHTTM and 
HPHTTM + Aging) of PBF-LB AlSi7Mg. For porosity analysis, an ≈ 80 
mm3 from the middle of the gauge section of one of each sample’s 

configuration was scanned. The scanned section was roughly 10 mm 
along the specimen’s longitudinal axis. The parameters of the scans were 
180 kV and 70 µA, resulting in a nominal power of 12.6 W. A physical 
copper filter of 0.2 mm was used to filter out low-intensity radiation to 
enhance the quality of the final 3D reconstruction. The specimen was 
placed 35 mm from the X-ray source, and the detector was placed at 
1300 mm from the X-ray source, achieving a voxel size resolution of ≈
5.5 µm. A total of 1600 2D projections were acquired during the to
mography acquisition. The 3D volumes were reconstructed using VG 
MAX 3.5 software (Volume Graphics GmbH, Heidelberg, Germany) 
using a filter back projection algorithm. By means of the porosity/in
clusion module of VG Studio software, the defects were characterized by 
filtering out the defect with a radius of 2 voxels to avoid considering 
artefacts coming from the tomographic reconstruction.

2.5. Mechanical testing

Uniaxial tensile tests were conducted on all specimens using a 100 
kN MTS Landmark servo-hydraulic testing machine. All tensile speci
mens were machined in accordance with ASTM E8 standard specifica
tions. The tests were carried out under displacement control at a strain 
rate of 10-3 /s. The reported mechanical properties represent the average 
values obtained from three tests for each material condition. Mechanical 
properties were extracted from the individual stress–strain responses of 

Fig. 5. EBSD images of HPHTTM + Aged PBF-LB AlSi7Mg: (a, c, e) XY plane showing fine grain structure with uniform distribution; (b, d, f) XZ plane showing large 
columnar grains. (a, b) Inverse pole figure (IPF) maps; (c, d) pole figures; (e, f) grain size maps.
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each specimen, while the yield stress was determined using the con
ventional 0.2 % offset method.

2.6 . Ultrasonic fatigue (USF) testing

Fatigue behavior beyond 107 cycles, corresponding to the VHCF 
regime, was evaluated using a Shimadzu ultrasonic fatigue testing sys
tem (USF-2000A), operating at a frequency of 20 kHz, which enables 

rapid fatigue testing within a reasonable timeframe [24]. Fatigue tests 
were conducted on 13 HPHTTM heat-treated specimens and 8 HPHTTM 

heat-treated with artificially aged. Tests were conducted under fully 
reversed conditions, with a stress ratio (R) of − 1 at an ambient tem
perature. The hourglass-shaped specimens (Fig. 1(c)) were designed 
considering AlSi7Mg alloy’s Young’s modulus (68 GPa) and density 
(2.58 g/cm3) to achieve a natural frequency of 20 kHz (specimen ge
ometry and dimensions are provided in Fig. 3(a)). To eliminate surface 

Fig. 6. SEM-BSE images of HPHTTM PBF-LB AlSi7Mg in different magnifications.

Fig. 7. SEM-BSE images of HPHTTM + Aged PBF-LB AlSi7Mg in different magnifications.
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roughness effects, all machined specimens were meticulously polished 
using silicon carbide sandpapers ranging from 400 to 7000 grit to ach
ieve a scratch-free surface with a mirror finish. Compressed air (Fig. 3
(b)) was continuously directed at the gauge section to dissipate heat and 

prevent temperature rise, while an intermittent loading sequence (300 
ms pulse, 200 ms pause) was applied to further limit self-heating. The 
applied stress amplitudes were selected based on an earlier study of this 
alloy done by Tusher and Ince [8]. Fatigue failure was identified by 

Fig. 8. HAADF-STEM image of the HPHTTM microstructure. The region of interest marked by the red rectangle corresponds to the area shown in the EDS elemental 
maps of Al, Si, Mg, Fe, and O.

Fig. 9. a) BF TEM image of an intragranular Si particle in the HPHTTM alloy; b) SAED pattern from the Si particle acquired along the [011] zone axis.
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monitoring the resonance frequency, where a decrease to 19.5 kHz 
indicated specimen failure. Additionally, the runout for the VHCF 
testing was set to 109 cycles. To ensure the results are reliable and 
consistent, at least two specimens are tested at each stress level. This 
repetition helps confirm that the observed behavior is repeatable and 
that the data accurately reflects the specimen’s performance under 
different conditions. Following the fatigue tests, fractographic analysis 
was conducted using a Keyence VHX-600 Digital Microscope and an FEI 
Quanta 3D FEG SEM to investigate crack initiation and propagation 
mechanisms in the VHCF domain.

3 . Results and discussion

3.1 . Microstructural analyses

EBSD analysis was performed on samples under both HPHTTM and 
HPHTTM + Aged treatments in cross sections perpendicular to the build 
direction (XY plane) as well as in sections parallel to the build direction 
(XZ plane), providing in-depth insights into the material's grain size, 
grain distribution, and crystallographic texture, highlighting the 
microstructural characteristics of the PBF-LB AlSi7Mg alloy studied in 
this research. Figs. 4 and 5 show the EBSD data (grain orientation, size 
distribution, and crystallographic texture) of HPHTTM and HPHTTM +

Aged materials in the XY and XZ planes, respectively. The texture 
analysis of the XY and XZ planes, illustrated in the inverse pole figure 
(IPF) maps (Fig. 4a, b & 5a, b) and the corresponding pole figures 
(Fig. 4c, d & 5c, d), reveals a relatively weak texture intensity with a 

modest preference in the < 100 > crystallographic direction for both 
HPHTTM and HPHTTM + Aged samples. Fig. 4e & f (HPHTTM condition) 
and Fig. 5e & f (HPHTTM + Aged condition) show the grain structure and 
size distribution of PBF-LB AlSi7Mg in the XY and XZ planes, respec
tively, revealing distinct variations in grain morphology and orientation.

In the XY plane (Fig. 4e & 5e), a fine, equiaxed grain structure with a 
uniform spatial distribution is observed under both conditions. The 
average grain size slightly increases, measured at 14.36 ± 10.55 µm 
(20.75 ± 7.21 µm) for the HPHTTM sample and 16.22 ± 10.23 µm (21.57 
± 7.54 µm) after aging. The average grain size for both samples indicates 
a relatively fine-grained structure, which can influence the material's 
mechanical properties, such as fatigue resistance, toughness, and 
strength. Conversely, the XZ plane (Fig. 4f & 5f) shows coarser, elon
gated columnar grains oriented roughly along the build direction (Z). 
The average grain slightly increases, measured at 25.27 ± 22.45 µm 
(55.40 ± 19.87 µm) for the HPHTTM sample and 27.23 ± 20.27 µm 
(65.40 ± 21.56 µm) after aging. This coarse columnar morphology in
dicates epitaxial grain growth through successive layers influenced by 
the directional heat flow inherent to the PBF-LB process [25–27].

The as-built microstructure of PBF-LB AlSi7Mg consists of an ultra
fine cellular/dendritic α-Al surrounded by a continuous Si-rich eutectic 
network formed under rapid solidification, with clearly visible melt-pool 
boundaries, and porosity that acts as crack-initiation sites [8]. After 
HPHTTM, the cellular eutectic network is completely dissolved, the melt- 
pool structure is homogenized, and the alloy transforms into a coarser 
α-Al grain structure containing uniformly dispersed, spheroidized Si 
particles, as shown in Fig. 6 with bright contrast. Most of the porosity is 

Fig. 10. a) BF TEM image of a π-phase and o-rich particles (HPHTTM); b) HRTEM image of a π-phase with FFT insect, area marked by a dashed yellow circle in a). An 
EDS line scan along the orange line in (a) is also included in this figure.
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eliminated by hot isostatic pressure, and melt-pool boundaries disap
pear. In the HPHTTM + aged condition, as shown in Fig. 7, the distri
bution of coarse Si particles remains similar to the HPHTTM condition, 
but the supersaturated α-Al matrix undergoes precipitation of fine β″, 
and GP-zone clusters that are not visible in SEM, but their presence is 
confirmed in TEM images, and they significantly enhance fatigue 
resistance. As a result, the microstructure evolves from a highly het
erogeneous and anisotropic as-built state to a densified, homogenized 
microstructure, and finally to a precipitation-strengthened aged 
condition.

To further quantify the microstructure and the effect of the imple
mented heat treatments on the Si morphology, extensive scanning TEM 
quantifications were performed on the studied materials. Fig. 8 shows 
that the HPHTTM microstructure of the PBF-LB AlSi7Mg alloy is domi
nated by discrete Si particles with characteristic dimensions ranging 
from several hundred nanometers to a few micrometers. The Si phase is 
broadly dispersed throughout the Al matrix; however, a tendency to
ward local clustering is observed, with frequent particle coalescence and 
agglomeration indicative of diffusion-assisted coarsening [28]. Si par
ticles are preferentially located along Al grain boundaries, although 
some of the smaller Si particles were also observed within grain in
teriors. This preferential localization is consistent with enhanced diffu
sion and solute redistribution along grain boundaries during HPHTTM, 
which promotes Si transport and coarsening at these interfaces [29].

The Si particle morphology is highly heterogeneous, ranging from 
near-equiaxed particles with partially rounded edges to elongated and 
strongly faceted particles with sharp edges. In projection, both polyg
onal and triangular cross-sections are observed depending on the 
sectioning plane, reflecting the crystallographic anisotropy of Si and the 
persistence of faceted growth/shape stabilization despite partial 
rounding during HPHTTM.

Within the spatial resolution of EDS elemental mapping, no evidence 
of a continuous cellular Si network is detected, suggesting that the 
characteristic PBF-LB cellular architecture has been largely disrupted by 
HPHTTM. It is consistent with diffusion-driven chemical homogenization 
combined with Si coarsening and particle coalescence at elevated tem
perature, leading to the breakdown of the fine-scale cellular framework 
and its replacement by a discontinuous dispersion of coarsened Si par
ticles [30]. EDS oxygen maps reveal O-enriched shells surrounding large 
Si particles. While surface oxidation during TEM specimen preparation 
cannot be excluded, the consistent localization of oxygen at the parti
cle–matrix interface suggests the possible presence of a thin oxide layer 
associated with the Si particles.

In addition to Si particles, EDS maps revealed Al–Mg–Si–Fe-rich 
intermetallic particles in the HPHTTM alloy. A moderate density of dis
locations within the Al matrix that are locally concentrated in the vi
cinity of Si particles is observed (Fig. 9a) and at grain boundaries, 
suggesting that thermal mismatch strains and particle–matrix 

Fig. 11. HAADF-STEM image of the HPHTTM 
+ Aged PBF-LB AlSi7Mg alloy microstructure. The region of interest marked by the red rectangle corresponds to the 

area shown in the EDS elemental maps of Al, Si, Mg, Fe, and O.
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interactions contribute to dislocation storage after HPHTTM. Phase 
identification based on Fast Fourier Transform (FFT) patterns obtained 
from High Resolution Transmission Electron Microscope (HRTEM) im
ages (Fig. 9b) is consistent with the π-phase (Al8Mg3FeSi6), suggesting 
the presence and possible stabilization of Fe-bearing intermetallics 
during HPHTTM. The occurrence of the π-phase is consistent with pre
vious reports on Fe-containing Al–Si–Mg alloys, in which π 
(Al–Mg–Fe–Si) intermetallics are commonly observed after high- 
temperature processing [31,32]. Fine O-rich particles with Si–O and 
Mg–Si–O enrichment were also detected by EDS in the HPHTTM condi
tion, occasionally attached to π-phase intermetallics (Fig. 10). These 
particles are likely oxide/oxide–silicate inclusions; however, their small 
size prevented unambiguous diffraction-based identification.

At first inspection, the microstructure of the alloy after HPHTTM +

Aged treatment (Fig. 11) appears comparable to that observed in the 
HPHTTM state. Coarse, discrete Si particles continue to dominate the 
microstructure, with characteristic dimensions ranging from several 
hundred nanometers to a few micrometers. The Si phase is distributed 
throughout the Al matrix, and no evidence of a continuous cellular Si 
network is detected. Like the HPHTTM condition, EDS maps frequently 
reveal an oxygen-enriched shell surrounding the Si particles, suggesting 
the presence of a thin oxide layer at the particle–matrix interface and/or 
surface oxidation effects associated with specimen preparation.

HPHTTM + Aged material, like the HPHTTM sample, contains well- 
dispersed Al–Si–Mg–Fe-rich intermetallics with typical sizes of ~ 
50–200 nm, which are observed throughout the matrix. Electron 
diffraction and FFT analysis (Fig. 12) indicate that these particles are 
consistent with the π-phase, supporting the persistence of Fe-bearing 

intermetallics after HPHTTM. In addition, nanoscale O-rich particles 
enriched in Si and/or Mg are detected by EDS. Overall, the secondary 
phases exhibit a relatively homogeneous dispersion, indicating that the 
HPHTTM + Aged treatment promotes a chemically equilibrated micro
structure with a stable distribution of coarsened Si particles and fine 
intermetallic/oxide-based particles.

While the Si particles and Fe-bearing intermetallics remained largely 
unchanged, higher-magnification TEM observations revealed fine 
needle-like precipitates within the Al grains. Fig. 13. shows the TEM 
micrographs taken along the < 100 > Al axis showing the needle-like 
nanoscale precipitates in the α–Al matrix after HPHTTM + Aged treat
ment (i.e., BF TEM image (Fig. 13a), HRTEM images (Fig. 13b & d), FFT 
of a needle-like precipitate (Fig. 13c). In the FFT (Fig. 13c), reflections 
associated with the precipitates appear as streaks aligned with the 
〈001〉Al, consistent with the needle-like morphology of β″ precipitates 
and their alignment along with Al matrix [33,34]. The precipitates with 
lengths of ~ 5–15 nm were predominantly observed; however, occa
sional longer needles up to ~ 30 nm were also present (Fig. 13d). FFT 
analysis indicated that these features are still consistent with β″-type 
precipitates. These fine needle-like β″ precipitates are the primary 
strengthening phase in Al–Si–Mg alloys after T6, providing significant 
precipitation hardening by impeding dislocation motion in the Al matrix 
[35]. β″ precipitates are coherent (or strongly semi-coherent) with the 
α-Al lattice, creating large elastic strain fields that strongly interact with 
dislocations. This coherency and the very small size of β″ are why it 
produces high strength: dislocations must either cut the coherent pre
cipitates (high shear stress) or bow between them (Orowan looping) 
[29,31,36,37], thereby substantially increasing the stress needed for 

Fig. 12. a) HAADF-STEM image of the HPHTTM + Aged alloy; b) SAED pattern acquired from a π-phase particle along the [001] zone axis; c) HRTEM image of a 
π-phase particle with the corresponding FFT shown as an inset; d) STEM–EDS elemental maps of the π-phase particle, the mapped area is indicated in a) by the red 
dashed square.
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plasticity. Although β″ precipitates were detected in the post-HPHTTM +

Aged alloy, their density remained relatively low. Given the rapid gas 
quench rate (>2000 ◦C/min), the limited precipitation response is un
likely to result solely from inadequate quenching. Instead, it may arise 
from a combination of incomplete solute dissolution during HPHTTM 

processing, solute consumption by O-rich particles or stable secondary 
phases, and possible pressure-induced effects on vacancy retention and 
precipitation kinetics, all of which could reduce the effective supersat
uration available for β″ formation during aging.

After aging, a cellular dislocation substructure became evident 
(Fig. 14). This suggests that aging promoted dislocation rearrangement 
and stabilization, likely assisted by dislocation–precipitate interactions 
associated with the formation of fine β″ precipitates. In contrast, in the 
HPHTTM + Aged condition, dislocations appear more diffusely distrib
uted, consistent with recovery during HPHTTM + Aged and a less 
organized dislocation configuration. Dislocations were frequently pin
ned at Si particles and π-phase intermetallics, and occasionally also near 
O-rich inclusions, while Orowan-type bowing was observed around the 
finest particles.

Fe-bearing π-phase intermetallics (Al8Mg3FeSi6) are generally 
considered relatively brittle constituents in Al–Si–Mg alloys due to their 
limited deformability and elastic incompatibility with the α-Al matrix. 
Large or irregular Fe-rich intermetallics may promote local stress con
centration and facilitate microcrack nucleation and propagation under 
cyclic loading conditions [31,32]. However, in the present study, the 
π-phase particles were relatively fine (~50–200 nm) and homoge
neously dispersed throughout the matrix after HPHTTM and HPHTTM +

Aged treatments (Fig. 12). Fractographic analysis did not identify these 
particles as dominant fatigue crack-initiation sites, as fatigue cracks 

consistently initiated from surface or near-surface stress concentrators. 
TEM observations (Fig. 14c) also suggested dislocation interactions with 
π-phase-containing second-phase particles, including localized pinning 
behavior in their vicinity, indicating that these intermetallics may also 
contribute marginally to local strengthening by impeding dislocation 
motion. Therefore, the overall fatigue behavior was governed primarily 
by the dissolution of the rapid-solidification cellular network, coars
ening of Si particles, and the precipitation strengthening associated with 
β″ precipitates rather than by direct cracking of π-phase particles.

3.2 . Porosity analyses

Porosity in the HPHTTM and HPHTTM + Aging samples was quanti
fied by X-ray micro-computed tomography (µ-CT). For both conditions, 
the equivalent diameter ranges from 10 µm to 20 µm. The mean 
equivalent defect diameter is 13.12 µm in the HPHTTM condition and 
decreases slightly after aging to 12.57 µm. The three-dimensional spatial 
distributions of the pores for the HPHTTM and HPHTTM + Aging con
ditions are reported in Figs. 15a and 16a, respectively. The size distri
bution histograms, instead, are plotted as a function of the square root of 
the projected area on the plane orthogonal to the specimen axis, which 
governs the fatigue failure, and are shown in Fig. 15b and 16b. Table 2
summarizes the main µ-CT defect analysis results, including the 
inspected volume, total porosity volume, mean equivalent defect 
diameter, and the sphericity index. The sphericity index is calculated as 
the ratio between the surface of a sphere having the same volume as the 
defect and the surface of the defect.

Fig. 13. TEM images taken along the <100> Al axis showing the needle-like precipitates in the α–Al matrix of the HPHTTM + Aged alloy: a) BF-TEM image, b & d) 
HR-TEM images, c) FFT of a needle-like precipitate.
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3.3. Mechanical properties

Tensile test results of each material condition, as-built, HPHTTM, and 
HPHTTM + Aged specimens, including yield stress (YS), ultimate tensile 
strength (UTS), and elongation, are provided in Table 3. The tensile 
response of the studied PBF-LB AlSi7Mg is highly sensitive to post- 
processing, as is evident from the distinct stress–strain curves of the 

as-built, HPHTTM-only, and HPHTTM + Aged conditions (Fig. 17a). The 
as-built alloy exhibits the highest strength, while both HPHTTM and 
HPHTTM + Aged produce a noticeable reduction in strength with an 
increase in ductility relative to the original PBF-LB microstructure. This 
reduction in strength arises from a combination of thermal exposur
e–induced mechanisms that progressively remove the strengthening 
features created during rapid solidification. The as-built PBF-LB 

Fig. 14. BF TEM images showing dislocation structures in the HPHTTM 
+ Aged condition: a) low-magnification overview of the dislocation distribution, b) dislo

cation cell structure (area indicated in a) by the orange dashed square, and c) dislocation pinning around second-phase particles (yellow dashed circles) and Orowan- 
type dislocation bowing (blue arrows).

Fig. 15. CT Scan results of HPHTTM PBF-LB AlSi7Mg: (a) 3D visualization of pore distribution, (b) Pore size distribution histogram.
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AlSi7Mg microstructure is characterized by an ultrafine cellular micro
structure that consists of continuous eutectic Si networks in the super
saturated α-Al matrix. The eutectic Si network is built from pure Si 
particles that are exceptionally small and densely clustered. After the 
samples are treated with HPHTTM, the original eutectic Si network is 
entirely broken down, and the characteristic cellular α-Al structure 
disappears. This results in significant coarsening of the Si particles 
compared with the as-built condition. Si particles grew through the 
Ostwald ripening phenomenon, forming larger, irregularly shaped Si 
particles that are predominantly located at grain boundaries and in
terfaces between aluminum grains [38]. Also, the release of solid- 
solution supersaturation and the relaxation of residual stress play 
important roles in reducing the strength of the post-heat-treated mate
rial relative to the as-built condition. Consequently, the as-built material 
exhibits a higher work-hardening rate than both the HPHTTM and 
HPHTTM + aged conditions (Fig. 17b), whereas the work-hardening 
responses of the HPHTTM and HPHTTM + aged states are relatively 
similar.

The PBF-LB process generates a markedly refined cellular–dendritic 
network, with solidification rates on the order of 105–107 ◦C/s [39–42]. 
This produces a submicron substructure consisting of Si-enriched cell 
boundaries and an Al-rich cellular interior. During HPHTTM, conducted 
at 538 ◦C for extended times, this metastable architecture becomes 
thermally unstable. The melt-pool boundaries and the internal cell 

structure coarsen substantially, sub-grain boundary density decreases, 
and the originally interconnected Si-rich features transform into larger, 
more spheroidized particles. Since these boundaries were strong barriers 
to dislocation motion, their coarsening significantly reduces both yield 
strength and work-hardening capacity.

A second major contributor to strength loss is the disruption of the 
fine eutectic Si network. In the as-built state, Si is present as a 

Fig. 16. CT Scan results of HPHTTM + Aged PBF-LB AlSi7Mg: (a) 3D visualization of pore distribution, (b) Pore size distribution histogram.

Table 2 
Summary of geometrical and porosity parameters for HPHTTM and HPHTTM +

Aged samples from XCT analysis.

Parameters HPHTTM HPHTTM + Aged

Inspected volume (mm3) 81 76
Porosity volume (mm3) 2 × 10-3 7.3 × 10-4

Average equivalent diameter (µm) 13.12 12.57
Maximum equivalent diameter (µm) 19 20
Average sphericity index 0.62 0.61
Porosity fraction (%) 0.00247 0.00096
Relative density (%) 99.9975 99.9990

Table 3 
Summary of the tensile results for PBF-LB AlSi7Mg specimens.

Materials YS (MPa) UTS (MPa) Elongation (%)

As Built 266.7 ± 5.3 406.5 ± 11.2 6.2 ± 0.46
HPHTTM 91.6 ± 2.4 134.5 ± 4.1 31.8 ± 2.3
HPHTTM + Aged 124.6 ± 3.8 191.7 ± 4.9 24.4 ± 1.5

Fig. 17. a) flow curves of the studied PBF-LB AlSi7Mg , b) work hardening rate 
(θ) vs. true strain.
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continuous, nanoscale eutectic framework that occupies cell boundaries 
and melt-pool interdendritic regions. This network plays a dual role: it 
provides direct strengthening through boundary pinning and indirectly 
enhances the mechanical stability of the cellular substructure. HPHTTM 

breaks down this network and replaces it with coarser, discrete Si par
ticles that are far less effective in impeding dislocation glide. The loss of 
the fine-scale Si morphology, therefore, constitutes a primary mecha
nism of softening in HPHTTM − treated alloys.

A third factor is the reduction in solid-solution strengthening. The 
high cooling rates of PBF-LB trap substantial quantities of Si and Mg in 
supersaturated solid solution (SSSS), well above equilibrium solubility. 
These solute atoms strongly impede dislocation motion in the as-built 
condition. During HPHTTM, however, both Si and Mg diffuse out of so
lution: Si is consumed during eutectic coarsening, and Mg is incorpo
rated into coarse Mg–Si–bearing phases. This markedly diminishes solid- 
solution strengthening, removing yet another contribution to the 
elevated YS observed in the as-built material. Finally, PBF-LB alloys 
develop significant residual stress during layer-wise deposition. These 
stresses effectively delay the onset of macroscopic plasticity during 
tensile loading, contributing to the high yield strength typically 

measured in the as-built state. HIP relaxes nearly all these internal 
stresses, leaving the material in a nearly stress-free condition. Although 
residual stress relaxation is beneficial for dimensional stability and fa
tigue resistance, it simultaneously reduces the apparent tensile strength.

Despite this substantial softening, the HPHTTM + Aged condition 
consistently exhibits higher strength than the HPHTTM − only material. 
The enhancement arises from precipitation hardening activated during 
the HPHTTM + aging treatment, performed near 160 ◦C. Although 
HPHTTM reduces the overall supersaturation of the matrix, enough Mg 
and Si remain in solid solution to permit the formation of GP zones and, 
more importantly, β″ precipitates, the primary strengthening phase in 
Al–Si–Mg alloys. These fine, needle-shaped β″ precipitates introduce 
strong obstacles to dislocation motion and partially restore the strength 
lost during HPHTTM. The precipitation process refines the effective slip 
path and elevates both yield strength and work-hardening behavior 
relative to the HPHTTM − only state. Nevertheless, the strength of the 
HPHTTM + Aged alloy does not recover to the as-built level, because 
precipitation cannot recreate the rapid-solidification–derived cellular 
network or the continuous nanoscale eutectic Si framework. Once the 
PBF-LB microstructure coarsens during HPHTTM, the unique strength
ening architecture of the as-built material cannot be reinstated. As a 
result, HPHTTM + Aged provides meaningful but incomplete recovery of 
strength by introducing a precipitation-mediated mechanism that 
compensates for some, but not all, of the coarsening-related losses.

3.4 . S-N data

Table 4 provides a detailed overview of the ultrasonic fatigue test 
results for PBF-LB AlSi7Mg specimens subjected to fully reversed 
loading conditions (R = − 1). It lists the specimen ID, corresponding
stress amplitude, and the number of cycles to failure. Specimens with IDs 
from S1 to S13 are heat treated with the HPHTTM strategy only, and 
specimens with IDs from S14 to S21 are heat treated with the HPHTTM 

strategy followed by artificial aging. In all cases, crack initiation began 
at the surface and propagated until the final fracture.

Fig. 18 shows the VHCF S–N behavior of the as-built, HPHTTM only, 
and HPHTTM + Aging conditions and the corresponding Basquin fits: as- 
built: σa = 479.8 N− 0.071

f (R2 = 0.90), HPHTTM only: σa = 231.0 N− 0.052
f 

(R2 = 0.98), HPHTTM + Aged: σa = 225.1 N− 0.053
f (R2 = 0.94). The as- 

built material has markedly higher stress amplitudes across the VHCF 
range despite the presence of PBF-LB-related volumetric defects [8]. 
Besides, HPHTTM and HPHTTM + Aged produce nearly identical S–N 
slopes and similar magnitudes of σa, both substantially lower than the 
as-built fit. These observations indicate that the dominant factors con
trolling VHCF performance in this alloy are not simply the presence or 
absence of interior pores, but the net balance between microstructural 
strengthening and defect severity.

The removal of internal defects by HPHTTM would be expected to 
increase fatigue life because pores are efficient crack-initiation sites. 
However, HPHTTM also fundamentally alters the rapid-solidification 
microstructure that provides the as-built alloy with high static 
strength. The as-built PBF-LB microstructure, characterized by a fine 
cellular network, nanoscale Si precipitates at cell boundaries, and a high 
degree of supersaturation, yields elevated yield stress. These attributes 
increase the stress required to nucleate and grow microcracks from small 
flaws, whether those flaws are pores or persistent slip bands. By contrast, 
HPHTTM causes grain growth (coarsening), spheroidization of the 
eutectic Si, loss of supersaturated solute, and relaxation of residual 
stresses; together, these changes reduce the intrinsic resistance of the 
matrix to damage accumulation under cyclic loading. The Basquin pre- 
exponential factors (≈480 MPa for as-built vs. ≈230 MPa for HPHTTM 

variants) quantify this reduction in the material’s fatigue “capacity” 
beyond defect effects.

The as-built microstructure, despite containing volumetric defects, 
provides a higher intrinsic stress threshold for microcrack nucleation 

Table 4 
Summary of fully reversed (R = -1) USF test data for PBF-LB AlSi7Mg specimens.

No. Sample ID Heat Treatment Stress (MPa) Number of Cycles

1 S1 HPHTTM 77.5 7.61 × 108

2 S2 HPHTTM 77.5 5.46 × 108

3 S3 HPHTTM 80.0 2.15 × 108

4 S4 HPHTTM 82.5 9.87 × 107

5 S5 HPHTTM 85.0 3.51 × 107

6 S6 HPHTTM 85.0 7.21 × 107

7 S7 HPHTTM 90.0 1.71 × 107

8 S8 HPHTTM 95.0 1.49 × 107

9 S9 HPHTTM 95.0 1.52 × 107

10 S10 HPHTTM 97.5 6.52 × 106

11 S11 HPHTTM 97.5 6.77 × 106

12 S12 HPHTTM 100 5.97 × 106

13 S13 HPHTTM 120 5.00 × 104

14 S14 HPHTTM + Aged 77.5 8.12 × 108

15 S15 HPHTTM + Aged 80.0 8.18 × 108

16 S16 HPHTTM + Aged 80.0 7.61 × 108

17 S17 HPHTTM + Aged 82.5 2.88 × 108

18 S18 HPHTTM + Aged 85.0 1.76 × 108

19 S19 HPHTTM + Aged 90.0 6.85 × 107

20 S20 HPHTTM + Aged 95.0 2.43 × 107

21 S21 HPHTTM + Aged 100.0 8.76 × 106

Fig. 18. VHCF S–N data of the studied materials; red triangles and blue squares 
represent the results of the present research, while the as-built data were 
reproduced from results reported in the literature [8]. To fit the Basquin lines, 
the runout data at 109 cycles have been excluded.
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because of solid-solution and grain boundary-related strengthening 
(Hall-Petch effect), and because residual tensile/compressive stress 
patterns and the fine Si network impede early dislocation accumulation. 
Thus, the elevated baseline strength of the as-built condition can 
compensate for the presence of pores and, in aggregate, produce supe
rior VHCF performance compared with “defect-free” HPHTTM material 
whose matrix is softer and more permissive to cyclic slip.

This interpretation is consistent with the similar slopes of the 
HPHTTM and HPHTTM + Aged fits: aging restores some strength via 
precipitation hardening (β″), raising σa slightly relative to HPHTTM 

− only, but it does not restore the unique rapid-solidification architec
ture; consequently, the HPHTTM + Aged condition remains well below 
the as-built Basquin curve. Practically, these results emphasize that 
HPHTTM alone may not contribute to enhanced VHCF performance. 

Improvements in VHCF performance should therefore target both defect 
elimination and retention or recovery of matrix strengthening (for 
example, through optimized HIP thermal cycles that limit coarsening, 
controlled quench + aging schedules to maximize precipitation 
strengthening, or complementary surface treatments such as shot 
peening or laser re-melting to raise near-surface resistance to initiation).

3.5. Post-mortem fractography

Optical Microscopy (OM) and SEM based post-mortem fractography 
analyses were conducted on the failed specimens to better comprehend 
the factors that were responsible for the crack initiation and final failure 
in the PBF-LB AlSi7Mg specimens. In all conditions, the fatigue crack 
started from the surface rather than by internal defect-driven crack 

Fig. 19. Optical microscope images of PBF-LB AlSi7Mg alloy fracture surfaces, highlighting surface crack initiation, propagation, and final fracture, (a) Specimen S3 
(HPHTTM only, 80 MPa, 2.15 × 108 cycles) and (b) Specimen S15 (HPHTTM + Aged, 80 MPa, 8.18 × 108 cycles).

Fig. 20. SEM images of the fracture surfaces of specimens subjected to the same stress amplitude of 85 MPa; (a) specimen S5 (HPHTTM, 3.51 × 107 cycles), (b) 
specimen S18 (HPHTTM 

+ Aged, 1.76 × 108 cycles).
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initiation. For instance, Fig. 19 shows OM fractographic analysis of 
Specimen S3 (HPHTTM only, 80 MPa, 2.15 × 108 cycles) and Specimen 
S15 (HPHTTM + Aged, 80 MPa, 8.18 × 108 cycles). The shaded green 
area shows the surface-mediated crack initiation area. The advancing 
crack front displayed an elliptical arc profile, with the center of this 
ellipse located at the surface site where the crack first initiated.

The HPHTTM-only fracture surface (Fig. 19a) shows a coarser, 
slightly rougher appearance with distinct radial features and a few 
pronounced ribs/steps near the perimeter. Distinct radial markings 
originate from a surface-initiating site, indicating early crack nucleation 
followed by rapid propagation under cyclic loading. Although HPHTTM 

effectively reduced the population of internal pores formed during laser 
powder bed fusion, it does not modify the surface condition or remove 
near-surface stress concentrators such as partially melted particles, 
adhered spatters, or machining-induced microdefects. The rough and 
irregular fracture topography suggests that these surface irregularities, 
combined with localized microstructural heterogeneity near melt pool 
boundaries, facilitated crack initiation.

The specimen subjected to HPHTTM followed by artificial aging 
(Fig. 19b) exhibited a noticeably different fracture morphology, despite 
sharing the same surface-origin initiation mechanism. The overall 
fracture surface was smoother and more uniform, with finer radial 
markings and fewer secondary cracking features. The low-temperature 
aging treatment promoted the formation of a dense dispersion of 
nanoscale Mg2Si precipitates within the aluminum matrix, enhancing 
the yield stress and microstructural stability without causing severe 
coarsening of the silicon phase. This precipitate strengthening reduced 
cyclic slip localization near the surface and delayed crack initiation even 
in the presence of minor surface asperities. The combination of pore 
closure by HPHTTM and precipitation hardening through aging led to 

slower crack growth kinetics and a more stable propagation path.
The comparison of these two conditions highlights that surface 

integrity and microstructural stability, rather than internal porosity, 
controlled the VHCF of PBF-LB AlSi7Mg in the VHCF regime. While 
HPHTTM effectively addressed volumetric defects, it did not mitigate the 
role of surface defects as primary initiation sites. The subsequent aging 
treatment refined the precipitation state of the matrix and reduced strain 
localization. These results highlight that optimizing both subsurface 
defect morphology and the near-surface microstructure through tailored 
post-processing is essential to achieve extended fatigue life under long- 
term cyclic loading conditions.

Fig. 20 compares the SEM-based fracture morphology of specimens 
S5 (HPHTTM, 3.51 × 107 cycles) and S18 (HPHTTM + Aged, 1.76 × 108 

cycles) subjected to the same stress amplitude of 85 MPa. The aged 
specimen (S18) exhibited an approximately fivefold increase in fatigue 
life compared with the HPHTTM − only specimen (S5). In both cases, 
cracks initiated from the surface; however, the fracture surface of S18 
was noticeably smoother than that of S5. Fig. 21 shows SEM fracto
graphs of specimen S5 (HPHTTM condition, 3.51 × 107 cycles at a stress 
amplitude of 85 MPa) captured at progressively higher magnifications to 
elucidate the crack-initiation and early crack-growth features. At higher 
magnification, the near-surface region (adjacent to the specimen sur
face) exhibits tortuous markings and localized surface irregularities, 
indicating the crack-initiation site.

Figs. 22 and 23 compare detailed fracture morphology (at various 
magnifications) of specimens S2 (HPHTTM, 5.46 × 108 cycles) and S14 
(HPHTTM + Aged, 8.12 × 108 cycles) subjected to the same stress 
amplitude of 77.5 MPa. These two specimens showed the longest fatigue 
life corresponding to their heat treatment condition. Both fracture sur
faces indicate a surface-origin fatigue crack initiation, followed by stable 

Fig. 21. SEM fractography of the fracture surface of specimen S5 (HPHTTM, 3.51 × 107 cycles) subjected to a stress amplitude of 85 MPa, showing crack initiation 
from the surface in different magnifications.
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crack propagation into the bulk. At low magnification (a–b), the crack- 
initiation site is located at/near the specimen free surface, and the sur
rounding fracture morphology reveals a radially spreading fatigue re
gion with directional crack-growth markings extending away from the 
surface. Even when internal volumetric defects are mitigated through 
HPHTTM, surface-related stress concentrators (e.g., minor surface im
perfections or near-surface heterogeneities) remain largely unaffected 
by densification. In the VHCF regime, where applied stress amplitudes 
are low, and crack initiation governs most of the fatigue life, such sur
face features become particularly critical. Accordingly, in the absence of 
dominant interior defects after HPHTTM, the controlling crack-initiation 
mechanism shifts toward the surface or near-surface region. No interior 
“fisheye”–type initiation is evident. At higher magnification (c–d), the 
near-surface initiation zone becomes clearer and is characterized by 
tortuous fatigue markings, localized surface irregularities, and a rougher 
micro-tearing morphology, consistent with crack nucleation from a 
surface stress concentrator (e.g., minor surface imperfection or micro
structural heterogeneity) and subsequent short-crack growth.

4. Conclusions

Based on the combined SEM/EBSD/TEM characterization, XCT 
porosity analysis, tensile behavior, ultrasonic fatigue testing (20 kHz, R 
= − 1), and post-mortem fractography, the following conclusions are 
drawn: 

• The rapid-solidification substructure is dissolved during HPHTTM, 
leading to a coarse α-Al matrix with spheroidized/coarsened Si 
particles and reduced microstructural heterogeneity.

• For the HPHTTM + age condition, fine β″/GP-zone precipitates form 
after aging and increase matrix strength relative to HPHTTM − only, 
but the loss of the as-built cellular network and supersaturation- 
driven strengthening is irreversible.

• Equivalent pore sizes remained ~ 10–20 μm in both conditions 
(HPHTTM and HPHTTM + aged), with only a slight reduction in 
average defect size after aging, indicating negligible influence of 
aging on volumetric defects.

• The fatigue strength at 109 cycles drops from ~ 479.8 MPa (as-built) 
to ~ 225–231 MPa (HPHTTM and HPHTTM + aged), showing that 
microstructural softening dominates long-life fatigue resistance 
despite defect mitigation.

• Fractography consistently showed surface/near-surface initiation, 
indicating that near-surface stress concentrators govern VHCF life 
even when internal porosity is largely suppressed.

In summary, this study demonstrated that HPHTTM effectively den
sifies and homogenizes PBF-LB AlSi7Mg, while subsequent aging in
troduces precipitation strengthening; however, the accompanying loss 
of as-built microstructural strengthening leads to markedly reduced 
VHCF performance. These results highlight the competing roles of defect 
mitigation and matrix softening, and they provide practical guidance for 
optimizing post-processing routes for gigacycle fatigue reliability in 
additively manufactured Al–Si–Mg alloys.

Data availability

Data will be made available on request.

Fig. 22. SEM fractography of the fracture surface of specimen S2 (HPHTTM, 5.46 × 108 cycles) subjected to a stress amplitude of 77.5 MPa, showing crack initiation 
from the surface in different magnifications.
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