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A B S T R A C T

For the first time, we utilized synchrotron diffraction to determine 3D maps of residual stresses across the entire 
volume of thick AlSi7Mg alloy prisms produced by PBF-LB. Samples were subjected to different heat treatment 
processes: direct aging (T5), solution treatment, and solution treatment followed by aging (T6). The T6 heat 
treatment resulted in the lowest residual tensile strains, while the T5 treatment resulted in significantly higher 
residual strains. Maximum residual stresses decreased from the as-built condition to the T6 heat-treated spec
imen. Although the T5 condition provides greater strength, it also retains higher tensile residual stresses near the 
surface, which can negatively affect fatigue properties.

1. Introduction

Age-hardenable AlSi7Mg alloy is commonly used in Laser Powder 
Bed Fusion (PBF-LB), thanks to its low susceptibility to hot-cracking, 
high corrosion resistance and good mechanical performance [1]. 
Direct aging from as-built condition (DA, T5 temper) and conventional 
solution treatment followed by aging (STA, T6 temper) lead to signifi
cantly different mechanical properties [2–4]. The static mechanical 
properties of the AlSi7Mg alloy produced by PBF-LB are summarized in 
Table S1, in the Supplementary Material. The highest tensile strength is 
achieved by applying a T5 temper. However, the same treatment leads to 
the lowest fracture toughness value in samples with cracks aligned with 
boundaries between layers. By the T6 temper, the strong anisotropic 
behaviour of the material can be overcome, at the cost of reduced 
strength and fracture toughness. Heat-treatment routes are also 
responsible for a drastic change in the stress state of the as-built material 
[3]. Residual stresses can lead to the part distortion, loss of geometric 
tolerance, cracking, and deterioration of fatigue performance and frac
ture resistance of printed parts [5].

Here, for the first time, we employed synchrotron radiation diffrac
tion to determine 3D maps of the residual stresses throughout the full 

volume of thick AlSi7Mg alloy prisms fabricated by PBF-LB and sub
jected to various heat treatment schedules. This investigation offers 
valuable insights into optimizing heat treatment processes to improve 
the mechanical properties of PBF-LB Al parts, enabling their use in 
broader engineering applications.

2. Methods

Gas atomized AlSi7Mg alloy powder (LPW South Europe) with size of 
20–63 µm was used for the experiments. The chemical composition of 
the powder is provided in Table S2. The PBF-LB process was performed 
under Ar gas in a Renishaw AM250. The process parameters used to 
produce cubes with side of 10 mm are listed in Table S3.

The specimens underwent the following heat treatments: 

• As-built (AB)
• DA at 160 ◦C for 1 h (DA160.1), 2 h (DA160.2), 4 h (DA160.4)
• DA for 4 h at 200 ◦C (DA200.4), 250 ◦C (DA250.4), 300 ◦C (DA300.4)
• ST at 540 ◦C for 1 h followed by water quenching
• ST and aged at 160 ◦C for 4 h (STA160.4)
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Fig. 1. Maps of longitudinal strain (i.e. strains parallel to BD) for middle layer of the investigated samples (i.e. layer in the centre of the samples and perpendicular to 
the BD) in Orientation 1.
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High resolution diffraction patterns were collected at the ID22 
beamline of the ESRF, in transmission geometry at incident wavelength 
0.20655 Å [6,7]. Information on the gauge volume is reported in the 
Supplementary Materials. The XRD signal was recorded in the 9.6◦-9.8◦

2θ range, corresponding to the 311 reflection of Al, selected for its 
experimental linear response to loading [8]. A grid of 125 points (5x5x5 
in the three spatial directions) was investigated in each specimen. The d- 
spacing for each point was determined by applying Bragg’s law to the 
peak angular position, determined by fitting with a Pseudo-Voigt func
tion to the diffraction data. The lattice strain was determined for each 
point i using the observed d spacing and the reference d0 [9,10]: 

εi =
di − d0

d0 

where d0 was defined as the average of all di values. We preferred this 
approach rather than extracting d0 from a powder, as the latter would 
not account for the different solubility of Si and Mg after the different 
annealing treatments [9].

All specimens were tested with Orientation 1, i.e. with the build 
direction (BD) normal to the incident beam. In addition, samples AB, 
DA160.4, ST, and STA160.4 were also tested with Orientation 2, i.e. 
with BD parallel to the X-ray beam direction (Fig. S1b). IsoDEC software 
was used to calculate the stress from strain data (see Supplementary 
Material) [11,12].

3. Results & discussion

Structural, microstructural and mechanical characterization are re
ported elsewhere [2–4]. This work reports the residual strain and stress 
after selected annealing. 2D strain maps were created for each investi
gated layer of all the samples in Orientation 1. Fig. 1 displays the middle 
layer and compares samples subjected to different heat treatments. The 
highest value of the longitudinal strain (along BD) is found in the AB 
sample. Tensile strains appear close to the surface, whereas compressive 
strains are found in the core area. Points close to the surface were 
examined as near to the free surface as possible, but not exactly at the 
outermost layer. Thanks to the analyser crystal installed downstream the 
sample, no pseudo-strains arose by partial immersion. Fig. 1 shows that 
both treatment temperature and time effectively reduce the residual 
strains. Also, treatments at the typical temperature for aging of A357 (i. 
e. 160 ◦C) do not completely reduce the residual strains. Increasing the 
treatment temperature is indeed much more effective than increasing 
time. The ST specimen is characterized by very low residual strains. 
Subsequent artificial aging at 160 ◦C for 4 h further reduces such strains.

Fig. 2 displays the maximum residual strains measured in each 

sample along Orientation 1. The AB exhibits the highest maximum 
longitudinal strain. The plot allows a more precise quantification of the 
distinct effects of temperature and time on reducing residual strains. The 
T6 route (STA160.4) results in the lowest maximum residual tensile 
strains, while the T5 route (DA160.4) results in considerably higher 
residual tensile strains.

Fig. 3 presents a 3D representation of the residual stress values for 
each temper, along longitudinal (parallel to the BD) and transversal 
direction (TD). The stress data are relevant to support the design of 
thermal treatment aimed at finding the best trade-off between strength 
and residual stress. The method can potentially be extended to map the 
residual stresses (which significantly affect fatigue resistance [13,14]) in 
components featuring more complex shapes and load scenarios. This 
flexibility allows detailed stress mapping of components that would 
otherwise be difficult to assess with traditional techniques such as Bar
khausen noise. The main limitation of the approach lies in the specimen 
absorption coefficient. For a given composition, the thicker the spec
imen, the higher the X-ray attenuation, the lower the signal intensity and 
the higher the measurement error. At 50 keV photon energy, a fully 
dense piece of Al 30 mm thick still allows 10 % transmittance. Such 
signal allows determining stresses with an error below 10 MPa. Impor
tantly, the stress values balance to zero throughout the volume, thereby 
confirming that our choice of d0 was correct.

Fig. 4 shows the maximum residual stresses detected within the 
volume of the samples. The highest tensile residual stress values can be 
found along BD, with values ranging from about 120 MPa in AB con
dition, down to only about 10 MPa in the solution treated specimen 
subjected to artificial aging. While the T5 temper provides greater 
strength compared to T6, as shown in Table S1, it is crucial to note that 
sample DA160.4 also exhibits higher residual stresses. Tensile stresses, 
primarily concentrated near the surface, can have a significant impact 
on the performance and life of components, since they can promote 
fatigue crack nucleation and even propagation if the compressive 
stresses appear at large depths. Ultimately, such tensile stresses lead to 
premature failure [15]. This is especially critical in applications where 
components are subject to high-cycle fatigue, such as in the aerospace, 
automotive, or energy industries. Furthermore, residual stresses can 
exacerbate the effects of environmental factors, such as corrosion, 
leading to stress-corrosion cracking, and thermal fatigue. The method 
proposed in this work provides a valuable tool for addressing the chal
lenge of a proper material and component design by enabling the 
mapping of residual stresses in components. This technique is particu
larly beneficial for optimizing the process parameters and post- 
processing treatments of AM components, where residual stresses are 
often pronounced due to the layer-by-layer deposition process. By 
providing detailed stress maps, this approach can enable more accurate 

Fig. 2. Maximum longitudinal strain values measured in Orientation 1.
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Fig. 3. 3D stress maps in longitudinal (parallel to BD) and transversal directions for as built, DA160.4, ST and STA160.4 conditions.
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predictions of how a component will perform over time under varying 
load conditions, allowing better design decisions and more efficient 
post-processing treatments.
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