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A B S T R A C T

This study investigates the process-structure-property relationship of LPBF AlSi10Mg octet-truss lattices for 
crash-absorption applications. The main novelty is the use of low-temperature post-process heat treatments as 
explicit design variables to tune crash performance without changing the lattice geometry.

Lattice specimens were tested in the as-built condition and after two heat treatments, at 200 ◦C (HT-200) and 
at 300 ◦C (HT-300), under quasi-static compression and low-velocity impact loading (4 and 8 m/s). The results 
show that heat treatment strongly affects deformation mode and energy-absorption capability. HT-300 promotes 
a smoother and more stable collapse, significantly increases specific energy absorption, and reduces force peaks, 
whereas HT-200 provides limited benefits compared with the as-built condition.

Microstructural analyses indicate that the improved response is associated with thermally induced changes 
that increase ductility and enable more homogeneous plastic deformation. A finite element model, calibrated and 
validated against the experiments across strain rates, was then used to design a lattice-based crash box for 
automotive applications. The proposed solution meets the crash-energy target of a segment C vehicle while 
achieving >40% mass reduction compared with a conventional crash tube. At the component level, this corre
sponds to an increase in specific energy absorption of 67%, passing from 11.5 kJ/kg for the reference crash tube 
to 20.16 kJ/kg for the proposed lattice absorber.

Overall, the study demonstrates that heat treatment can be used as a geometry-free design lever to tailor the 
crashworthiness of additively manufactured lattice structures.

1. Introduction

In recent years, the rapid diffusion of Additive Manufacturing (AM)
has enabled the production of components with complex geometries that 
are difficult or impossible to fabricate using traditional processes [1–4]. 
This design freedom is a key advantage of AM over conventional 
manufacturing [1,2]. As a consequence, previously under-used design 
methodologies can now be reliably leveraged to optimize component 
performance and, for example, reduce weight without compromising 
safety. A prominent example is topology optimization, which, when 
combined with AM, enables the design of lightweight, high-performance 
components [5–7]. In parallel, growing interest is devoted to meta
materials and lattice structures, with recent studies showing a rapid shift 
from conventional strut-based lattices toward plate-based, thin-plate 
and TPMS-derived architectures capable of improved stiffness-to-weight 

ratio and energy absorption [8–14]. Lattices are obtained by spatially 
replicating a unit cell whose geometric features can be tuned to meet 
target performance. They have been used, for instance, for acoustic 
applications and vibration damping [15–17] and, importantly, for 
crashworthiness and energy absorption [18,19]. Recent work on LPBF 
AlSi10Mg architected materials further confirms that topology class, 
including strut-, plate- and TPMS-based designs, strongly influences 
deformation stability and specific energy absorption under compression 
[20–22]. The design of the unit cell is therefore crucial to tailor prop
erties for the intended application: while relative density primarily 
controls mass, the cell geometry governs the mechanical response, often 
distinguishing between bending-dominated and stretch-dominated be
haviours, thus enabling lightweight yet robust structures [23,24]. In 
recent years, both topology optimization and Machine Learning ap
proaches have been employed to navigate such high-dimensional design 
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spaces [6,25–27]
Despite these advantages, designing lattice structures for real com

ponents remains challenging. Direct simulation of lattice behaviour is 
computationally expensive due to the fine cell length scales and the 
large number of repeating units in full-scale parts; multiscale and ho
mogenization strategies are therefore often required [28–35]. Moreover, 
geometric deviations and imperfections, e.g., defects and surface 
roughness, inevitably introduced during manufacturing, degrade the 
ideal (theoretical) mechanical performance and must be considered in 
the design process [36–39]. Recent studies on LPBF AlSi10Mg further 
highlighted that internal defect morphology, anisotropy and 
architecture-dependent deformation localization can substantially alter 
the compressive and failure response of architected materials, thus 
motivating defect-aware and process-informed design strategies 
[40–42]. These aspects highlight the importance of the 
process-structure-property relationship in AM: process parameters and 
post-treatments strongly influence the properties and failure modes of 
lattice structures [2,43,44]. This is particularly relevant for AlSi10Mg 
lattices, where recent studies have shown that architecture class, local 
geometric tuning and manufacturing quality interact strongly in deter
mining both load-bearing capability and energy-absorption stability 
[41,45]. Recent studies on hollow-strut metallic lattices further showed 
that mass efficiency, energy absorption and collapse stability can be 
improved by redistributing material within the struts while preserving 
the overall lattice topology. This is particularly relevant to the present 
study, as it represents a geometry-preserving tuning strategy comple
mentary to the heat-treatment-based approach adopted here [45–49]. 
From this perspective, post-process treatments can be regarded as design 
variables to tune the mechanical response without complicating the 
unit-cell geometry [50,51].

Existing research often focuses on optimizing the unit cell to achieve 
target properties [52–54]. More recent studies on LPBF AlSi10Mg have 
also shown that heat treatment and post-processing can be exploited to 
modify not only strength and ductility, but also collapse stability, stress 
fluctuations and specific energy absorption, both in conventional lat
tices and in more recent TPMS- or plate-based architectures [55,56]. For 
example, Fiocchi et al. [44] showed that residual-stress relief is a 
dominant factor for achieving smooth quasi-static compression and 
improved energy absorption in AlSi10Mg lattices. Tang et al. [57] 
fabricated uniform and graded diamond lattices (USK/USH/GSK/GSH) 
in AlSi10Mg by SLM and observed that heat treatments (solution tem
peratures between 25 and 300 ◦C) alter failure modes, for GSH at 300 ◦C, 
from layer-by-layer fracture to 45◦ shear. Jam et al. [58] tested Ti-21S 
octet-truss lattices (as-built vs. direct ageing at 590 ◦C for 8 h) and re
ported elimination of strain softening and a transition from 
bending-dominated to stretch-dominated behaviour. Jin et al. [59] 
studied Ti-6Al-4 V BCC (bending-dominated) and FCC 
(stretch-dominated) lattices subjected to heat treatments (750–1050 ◦C, 
including HIP), finding BCC markedly more sensitive to heat-treatment 
conditions than FCC. Li et al. [60] investigated AlSi10Mg lattices under 
AA, SHT, and SHT+AA (SHA), showing SHA (with Tmax≈550 ◦C) 
delivered the best compressive properties and a shift from brittle to 
ductile fracture with stable deformation. Recent dynamic and 
crash-oriented investigations further suggest that these effects are highly 
relevant for real energy-management applications, since constitutive 
calibration under dynamic loading and lattice-reinforced thin-walled 
absorbers can markedly influence crashworthiness metrics at structural 
scale [61,62].

The present paper investigates the process-structure-property rela
tionship of AlSi10Mg octet-truss lattice structures produced by Laser 
Powder Bed Fusion (L-PBF) for crash-absorbing applications. In this 
study, heat treatments are designed and used as explicit tuning variables 
of the lattice response, and the correspondence between quasi-static 
bulk material tests and lattice behaviour is assessed.

The octet-truss architecture, being stretch-dominated, is generally 
suited to lightweight applications where high stiffness/strength and 

efficient load transfer are required [23–25]. At the same time, it is 
important to acknowledge that bending-dominated lattices often exhibit 
longer and more stable collapse plateaus and may provide higher spe
cific energy absorption at comparable relative density [63–66]. In the 
present study, the octet-truss was therefore not selected as a universally 
optimal crash topology, but rather as a mechanically well-understood 
architecture that allows the effect of heat treatment on the 
process-structure-property relationship to be isolated without the 
additional complexity introduced by topology changes [67–69]. Within 
this framework, suitable post-treatments, such as heat treatments, are 
selected to achieve the desired mechanical response.

In this study, an additively manufactured AlSi10Mg lattice structure 
is investigated in three conditions: as-built (AB), and after low- 
temperature heat treatments at 200 ◦C for 4 h (HT-200) and 300 ◦C 
for 2 h (HT-300). The mechanical behaviour is characterised by quasi- 
static compression tests and dynamic impact tests at 4 m/s and 8 m/s, 
to assess the combined influence of heat treatment and strain rate on 
energy absorption, peak force and deformation mode. In parallel, a finite 
element (FE) model of a lattice-based crash box is developed and 
compared with a real crash tube to evaluate crashworthiness at the 
component level.

While recent studies have expanded the literature on crashworthi
ness and impact resistance of additively manufactured AlSi10Mg 
architected materials, the use of low-temperature heat treatments as 
explicit design variables to tune the crash response of octet-truss lattices 
without changing geometry remains insufficiently clarified [70,71]. The 
study addresses key open issues by: (i) clarifying the different roles of 
HT-200 and HT-300 on dynamic energy absorption and collapse 
mechanism; (ii) quantifying the strain-rate sensitivity of AlSi10Mg lat
tices; and (iii) demonstrating, via FE simulations, that thermally tuned 
lattice crash boxes can meet real crash energy targets while achieving 
significant mass reduction compared with conventional designs.

The paper is organized as follows. Section 2 describes the investi
gated lattice geometries, the LPBF process, the heat treatments, the 
microstructural and defect analyses, and the experimental procedures. 
Section 3 presents the experimental results, with emphasis on micro
structural evolution, defect population, and quasi-static and dynamic 
crushing response. Section 4 discusses the relationship between heat- 
treatment-induced microstructural changes, deformation modes, fail
ure initiation, and damage evolution, and highlights the implications of 
the octet-truss topology for crash-oriented design. Section 5 develops 
and validates the FE model and applies it to the design of a lattice-based 
automotive crash absorber. Finally, Section 6 summarizes the main 
findings and discusses their implications for crash-oriented lattice 
design.

2. Specimen characteristics, material and experimental activity

This section describes the experimental framework adopted to 
investigate the effect of low-temperature heat treatment on the crash 
response of LPBF AlSi10Mg octet-truss lattices. It first introduces the 
specimen geometry, manufacturing route, and heat-treatment sched
ules, then summarizes the microstructural and defect characterization 
methods, and finally presents the quasi-static and impact test 
procedures.

2.1. Lattice structure specimens and heat treatments

Experimental tests have been carried out on AlSi10Mg specimens 
produced by the Italian company Beam It. Spherical powders have been 
used for the specimen production, with an average size (D50) of 42 µm 
and a layer thickness of 30 µm.

A cubic octet truss unit cell, with a nominal diameter of 1.4 mm and a 
cell side of 8.5 mm, has been considered for specimen production. Two 
specimens have been tested in this activity: a specimen made of 2 × 2 ×
2 cells, i.e., 2 per side, and a specimen made of 3 × 3 × 3 cells, with three 
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cells per side. Fig. 1 shows the 3 × 3 × 3 lattice structure reconstructed 
by x-ray computed tomography.

After the specimen production, the specimens have been removed 
from the building platform. One set of specimens has been tested in the 
as-built condition, whereas two batches of specimens have undergone 
two heat treatments, with the following characteristics: 

• HT-200: 4 h at a heating temperature of 200 ◦C with an initial 
heating ramp of 5◦K/min rate and then cooled down in air.

• HT-300: 2 h at a heating temperature of 300 ◦C, with an initial 
heating ramp of 5◦K/min rate and then cooled down in air.

These two treatments have been carried out in CARBOLITE HTF16/ 
27 furnace (Verder Scientific GmbH and Co. KG, Germany) present in 
the JTech@PoliTO laboratories. Tensile tests on standard dogbone 
specimens have been carried out in displacement-controlled mode 
(crosshead speed of 1 mm/min), with the deformation measured with 
the Digital Image Correlation (DIC) technique. Table 1 shows the quasi- 
static properties of the AlSi10Mg specimens, in the investigated condi
tions. In particular, the Young’s modulus E, the tensile strength, σu, and 
the deformation to failure are reported. In the second column, the 
average deformation to failure assessed by considering a “virtual 
extensometer” along the gage length is reported (εglobal). On the other 
hand, in the third column, the local deformation where the failure 
originated is reported (εlocal). This last value is of particular relevance in 
FE modelling, since it is the actual value of deformation that the material 
can withstand, as detailed in the following Section.

According to Table 1, the Young’s modulus is similar for all tested 
specimens, whereas the tensile strength is dependent on heat treatment. 
In particular, σu is close for the AB and the HT-200 specimens, with 
limited differences, whereas is significantly smaller for the HT-300 
specimen (reduction of 42%). On the other hand, the ductility is 
significantly larger in HT-300 specimens, with εglobal being equal to 
10.7% and εlocal to 53.7%, about 5 times larger than that of AB and HT- 
200, which are very close. This increment in ductility is expected to be 
beneficial for the absorption capability of the lattice structure, since, 
after the HT-300, the material is capable of locally withstanding very 

large deformations.

2.2. Microstructural analysis

A thorough analysis of the microstructure and the defect population 
have been carried out, to verify the influence of the investigated heat 
treatments and to correlate them with the experimentally assessed me
chanical properties.

2.2.1. Grain size analysis by EBSD
To assess the evolution of the microstructure after the heat treat

ments described in Section 2.1, grain size analysis was performed using 
Electron Backscatter Diffraction (EBSD). Before EBSD analysis, the 
specimens were prepared by standard mechanical grinding and polish
ing on a plane perpendicular to the build direction, followed by a final 
colloidal silica polish to achieve a mirror-quality surface. After polish
ing, the specimens were cleaned in an ultrasonic bath containing iso
propanol at room temperature to eliminate residual silica particles. 
EBSD measurements were carried out using an Oxford Instruments 
AZtec EBSD system integrated into a Tescan MIRA3 (Tescan Group, 
Brno, CZ) Field Emission Scanning Electron Microscope (FESEM). Dur
ing the analysis, the sample surface was tilted at 70◦ relative to the 
horizontal plane to optimize the signal collection by the EBSD detector. 
Crystallographic orientation maps were then acquired and processed to 
determine the grain size distribution and its variation induced by the 
heat treatments. The parameters used for the analysis are reported in 
Table 2:

2.2.2. Defect analysis by X-ray computed tomography
The internal defect population within the lattice structure specimens 

was analyzed using X-ray Computed Tomography (CT), employing the 
dedicated facilities available at the J-Tech@PoliTO laboratory. The to
mography system is equipped with a 300 kV micro-focus X-ray source 
with a minimum focal spot size of 5 μm and a flat-panel detector with a 
resolution of 2048 × 2048 pixels. For the acquisition, optimized scan
ning parameters were selected, operating the system at 170 kV and 100 
μA, corresponding to a nominal power of 17 W. The geometrical setup 
was configured with a source-to-sample distance of 120 mm and a 
source-to-detector distance of 1000 mm, resulting in a final voxel size of 
24 μm. To enhance the image contrast and reduce low-energy noise, a 
0.4 mm copper filter was applied to the X-ray beam during acquisition. 
The tomographic reconstruction was performed using the filtered back- 

Fig. 1. X-ray computed tomography reconstruction of the 3 × 3 × 3 octet-truss 
lattice specimen used in this study. The image is provided to document the 
specimen architecture, unit-cell arrangement, and geometric fidelity of the 
LPBF-manufactured lattice. The distance between two consecutive major tick in 
the figure is equal to 10 mm.

Table 1 
Quasi-static tensile properties of LPBF AlSi10Mg in the three investigated con
ditions (AB, HT-200, and HT-300). The table reports Young’s modulus, tensile 
strength, average strain to failure measured over the gauge length by a virtual 
extensometer, and local strain to failure measured at the failure-initiation re
gion. The distinction between average and local strain is particularly relevant for 
HT-300, where deformation localizes more strongly before rupture.

Specimen type E [MPa] σu [MPa] εglobal εlocal

AB 70.5 422 7% 10.4%
HT-200 72.2 425 5% 13.5%
HT-300 59.6 247 10.7% 53.7%

Table 2 
Main acquisition parameters used for the EBSD analysis 
of the investigated AlSi10Mg specimens.

Parameter Value

High voltage 20 kV
Beam Intensity 17 pA
Working distance ≈ 15 mm
Magnification ≈ 900x
Dwell time ≈ 12 h
Step size 0.20 µm
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projection algorithm implemented in VGStudio MAX 3.5 (Volume 
Graphics GmbH, Heidelberg, Germany), based on 1600 projections 
collected during the scan. The reconstructed 3D volumes were subse
quently analyzed to detect and characterize internal defects in terms of 
size, morphology, and spatial distribution.

2.3. Quasi-static and impact experimental tests

Compressive quasi-static and impact tests have been carried out on 
the specimens with the geometry described in Section 2.1. In particular, 
quasi-static compressive tests have been carried out on 2 × 2 × 2 
specimens and 3 × 3 × 3 specimens by using a Zwick Z050 (Zwick GmbH 
& Co. KG, Ulm, DE) testing machine, by imposing a crosshead 
displacement of 1 mm/min. Two repetitions for each type of specimen 
have been performed. The load has been acquired with a 50 kN load cell. 
The experimental tests have been also recorded with a Dynolite micro
scope to assess the failure mode and have been stopped at the onset of 
densification.

Impact tests have been carried out by using a free-fall drop dart 
testing machine, FractoVIS (Instron, Norwood, MA, USA). Impact tests 
have been carried out at two different speed (v0), namely 4 m/s and 8 m/ 
s, corresponding to 14.4 km/h and 28.8 km/h, respectively. The two 
impact speeds have been obtained by setting a specific height and 
weight. This range is of interest in low-velocity impact tests, e.g., crash 
box, and therefore of interest in practical applications.

3. Experimental results

This section presents the experimental evidence linking heat treat
ment, microstructural evolution, defect population, and crushing 
response. The discussion is organized progressively, from microstructure 
and defects to quasi-static and dynamic mechanical behaviour, in order 
to clarify how the investigated thermal conditions affect failure mode 
and energy absorption.

3.1. Microstructural analysis

The EBSD analysis of the AlSi10Mg alloy in the as-built and heat- 
treated conditions (200 ◦C and 300 ◦C) highlights a clear microstruc
tural evolution driven by thermal exposure. The as-built sample exhibits 
a fine-grained microstructure with a highly heterogeneous crystallo
graphic orientation distribution, as indicated by the random colour 
distribution in the IPF maps (Fig. 2a). The grain boundary density is 
high, reflecting the presence of numerous small grains, typical of addi
tively manufactured materials subjected to rapid solidification.

Upon heat treatment at 200 ◦C, the microstructure undergoes limited 
grain growth, with slight substructure rearrangement likely associated 
with recovery phenomena. The grain boundaries remain dense, 
although a modest reduction is observed (Fig. 2b).

A more pronounced microstructural modification is evident after 
treatment at 300 ◦C, where grain coarsening is noticeable, resulting in 
larger and more equiaxed grains and a lower grain boundary density. A 
partial development of texture is also suggested by a less random 
orientation distribution (Fig. 2c).

These qualitative observations are fully supported by the quantita
tive grain size distributions reported in Fig. 3. The grain size distribution 
progressively shifts towards larger equivalent diameters with increasing 
temperature, while maintaining a decreasing trend across all conditions. 
The obtained trends are comparable to the ones in the literature [72]. 
Specifically, the as-built sample exhibits a distribution peak between 
0.5–0.7 µm, with an average grain size of 0.99 µm and a maximum grain 
size of approximately 5.2 μm. The sample heat-treated at 200 ◦C shows a 
peak between 1.0–1.2 µm, an average grain size of 1.80 µm, and a 
maximum size close to 8.6 µm. Finally, the sample treated at 300 ◦C 
displays a peak between 1.2–1.4 µm, with an average grain size of 2.11 
µm and a maximum reaching 8.7 µm. This limited grain coarsening is 
generally attributed to the strong pinning effect of the Si-rich eutectic 
and Mg₂Si precipitates on grain boundaries, which restricts grain growth 
at these relatively low temperatures [73,74]. Low-temperature treat
ments progressively transform the continuous Si-rich network 

Fig. 2. EBSD inverse pole figure maps of the investigated AlSi10Mg conditions: (a) as-built (AB), (b) HT-200, and (c) HT-300. The maps are used to compare grain 
morphology and grain-size evolution after heat treatment. A progressive coarsening of the microstructure is observed with increasing treatment temperature, with 
the most evident grain growth in HT-300.

A. Benelli et al.                                                                                                                                                                                                                                  International Journal of Mechanical Sciences 324 (2026) 111789 

4 



surrounding the Al cells into a population of more isolated, rounded 
Si-rich particles. This fragmentation and spheroidization of the eutectic 
Si weakens the constraint on dislocation motion, allowing more homo
geneous plastic flow and delaying the onset of micro-crack nucleation at 
the Si/Al interfaces [11]. At the same time, fine Mg₂Si precipitation 
during the lower-temperature treatment (around 160–200 ◦C) provides 
additional strengthening [75,76], whereas approaching 300 ◦C leads to 
coarsening of the Si-rich phase and an over-aged condition which 
further improves ductility but reduces strength, as can be seen from 
Table 1 [73,74].

3.2. Defect analysis

Defect populations assessed by micro-CT are compared in this section 
to determine whether defect size changes with the tested heat treat
ments. Because the two cell sizes show similar trends, only the results for 
the 3 × 3 × 3 specimens are presented for clarity.

Fig. 4 compares the pore-size distributions in the as-built specimens 

and in the specimens subjected to the two heat treatments at 200 ◦C and 
300 ◦C. Across all conditions, the equivalent-diameter distributions are 
very similar, with a clear mode around 50 − 70 µm and an extension up 
to about 210 µm. In particular, the peak of the AB condition is slightly 
shifted to the left with respect to the heat-treated specimens. Small 
differences can be observed in the tail of the distributions, where the AB 
condition appears to contain a somewhat larger fraction of pores above 
150 µm. However, this difference remains limited and should be inter
preted with caution, since the overall distributions are very close and 
rare large defects are still found also in the HT-300 condition. This 
suggests that the observed differences in the tail are more likely asso
ciated with the random occurrence of a small number of large defects 
than with a systematic heat-treatment-induced change in defect size. 
The three histograms were constructed using the same bin size for all 
conditions, so that the comparison is not affected by differences in his
togram discretization.

Fig. 5 shows sphericity as a function of equivalent diameter. In all 
three samples, sphericity decreases with increasing size, with most de
fects in the 0.45–0.65 range. Smaller defects exhibit similar sphericity 
across samples. The as-built and 200 ◦C specimens follow comparable 
trends, whereas the 300 ◦C specimen displays a lower sphericity bound 
around 0.37. This is consistent with the 3D reconstructions of the largest 
defects: the largest defects in the as-built and 200 ◦C samples are highly 
irregular (Fig. 6a and b), while the largest defect in the 300 ◦C sample is 
closer to equiaxed as shown in Fig. 6c.

To provide a more quantitative summary of the defect state, the 
defect volume fraction and the maximum defect size were also evaluated 
from the micro-CT scans (Table 3). The values in the table are expressed 
as mean results since the tomography inspection has been done in all the 
tested specimens. These measurements confirm that all the investigated 
conditions exhibit a comparable overall defect population, with only 
limited differences between heat treatments in terms of global defect 
content, while the main difference remains associated with the 
morphology of the largest defects.

3.3. Quasi-static and impact experimental tests

This Section focuses on the mechanical tests carried out to investi
gate the energy absorption capability of the tested AlSi10Mg specimens. 
The results of the quasi-static and impact tests are analyzed in Sections 
3.3.1 and 3.3.2, respectively, to assess the influence of heat treatments 
on the compressive response.

Fig. 3. Grain-size distributions obtained from EBSD analysis for the as-built, 
HT-200, and HT-300 conditions. The distributions shift progressively toward 
larger equivalent grain diameters with increasing heat-treatment temperature, 
confirming limited but measurable grain coarsening after thermal exposure.

Fig. 4. Equivalent-diameter distributions of internal defects measured by 
micro-CT for the 3 × 3 × 3 lattice specimens in the as-built, HT-200, and HT- 
300 conditions. The three distributions are overall very similar, with only 
limited differences in the tail above about 150 µm, indicating that the inves
tigated heat treatments do not substantially modify the global defect-size 
distribution.

Fig. 5. Defect sphericity as a function of equivalent diameter for the 3 × 3 × 3 
lattice specimens in the as-built, HT-200, and HT-300 conditions. In all cases, 
larger defects tend to be less spherical. The HT-300 condition shows a defect 
morphology that is, on average, more equiaxed for the largest observed defects.
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3.3.1. Quasi-static tests
Quasi-static compression tests have been carried out on 2 × 2 × 2 

and 3 × 3 × 3 specimens. Fig. 7 compares the Force - displacement 
curves for the 2 × 2 × 2 specimen (Fig. 7a) and for the 3 × 3 × 3 
specimens (Fig. 7b). The tests have been stopped before the 
densification.

According to Fig. 7a and by considering the 2 × 2 × 2 specimens, the 
heat treatment has a significant influence on the trend of the force- 
displacement curves. Indeed, the AB and the HT 200 specimens have a 
similar trend, with the as-built specimens showing the highest peak. 
However, the difference is quite limited and close to 9%. Similarly, the 
displacement at failure and before the densification phase is very close. 
These curves, moreover, show a rapid drop of the force after the peak 
force is reached. On the other hand, the HT300 specimens show a 
significantly smaller peak force, which is about 60% of the peak stress of 
the AB specimens. However, the displacement at failure is significantly 
larger, reaching >8 mm, whereas it is close to 2 mm for the AB and 
HT200. The trend of the HT300 is significantly different, with a smooth 
decrease of the force after the peak is reached (occurring with a 
displacement of about 4 mm) and a second increment of the peak force. 
This second peak does not correspond to the densification phase, since 

the force decreases again, as can be observed for the HT300–1 specimen. 
This trend, with an oscillation of the force signal around a high mean 
force value, close to 7.5 kN, after the peak has been reached, is typical 
for structures used in high-absorbing applications, and allows for max
imising the absorbed energy. Similar considerations can be drawn for 
the 3 × 3 × 3 specimens, with the AB and the HT200 showing similar 
trends and the HT300 specimens being characterized by a significantly 
larger displacement at failure. For these 3 × 3 × 3 specimens, the dif
ference in peak stress between the HT200 and the AB specimens is larger 
with respect to that found for the 2 × 2 × 2 specimens (equal to about 
11%), and the AB specimens show a larger displacement at failure. On 
the other hand, the trend of the force after the peak force is almost flat 
for the HT 300 specimens and this ensures higher energy absorption 
capabilities. It must be noted, moreover, that, for the same condition, 
the force displacement curves are very close and show small differences, 
with thus a limited experimental variability.

In order to investigate the influence of the number of cells on the 
compressive response, the stress-strain curves are compared in Fig. 8. 
The stress was computed assuming a fully solid cross-section, without 
accounting for the void space inherent to the lattice geometry, whereas 
the strain is computed as the displacement measured by the testing 
machine divided by the initial specimen length. For the quasi-static 
tests, all force–displacement curves are reported and discussed in the 
manuscript. For the stress–strain comparison in Fig. 8, only one repre
sentative curve for each condition is shown for the sake of clarity, since 
the corresponding repetitions exhibited only limited differences in peak 
stress and deformation trend.

According to Fig. 8, the size effect related to the number of cells has 
an overall limited influence on the compressive properties of the 
investigated lattice structures. Indeed, under the same testing condi
tions, the trend of the curve is very close, with limited differences in the 
peak stress, regardless of the specimen size and the number of cells 
under test. Therefore, it can be concluded that, at the specimen scale, the 

Fig. 6. Enlargement of the biggest defect: a) As built specimen; b) specimen heat treated at 200 ◦C and c) specimen heat treated at 300 ◦C. With higher treatment 
temperature the largest defect tends to be more spherical.

Table 3 
Summary of the micro-CT-based defect metrics for the investigated specimens. 
Reported quantities include mean defect sphericity, defect volume fraction, 
mean maximum equivalent diameter, and qualitative morphology of the largest 
detected defect.

Specimen Mean 
sphericity 
index

Defect 
volume 
ratio [%]

Mean maximum 
equivalent 
diameter [µm]

Largest defect 
morphology

AB 0.638 0.03 213 Irregular
HT-200 0.653 0.04 204 Irregular
HT-300 0.656 0.02 218 More equiaxed
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number of cells has a limited, or negligible, influence on the energy 
absorption capability of the investigated lattice structures, regardless of 
the heat treatment and base material characteristics. At the same time, 
we explicitly acknowledge that extrapolation of these findings to larger 
structures should be further verified experimentally at the component 
scale.

Table 4 summarizes the main features concerning the compressive 
tests. In particular, the peak stress and the absorbed energy are reported. 
In the last column, Specific Absorbed Energy (SEA) is reported. The SEA 
is computed as the absorbed energy before densification divided by the 
specimen volume. Accordingly, the influence of the specimen size on the 
absorbing capabilities can be verified, since the SEA value is indepen
dent of the specimen volume. The average value of the two experimental 

tests is reported.
According to Table 4, as expected, the absorbed energy is signifi

cantly larger after the HT300 heat treatment, being about 2 times and 4 
times greater than that absorbed by the AB and HT200 specimens for the 
2 × 2 × 2 and 3 × 3 × 3 configurations, respectively. For the 2 × 2 × 2 
specimens, the SEA is almost equal in AB and HT 200 specimens and 
significantly larger for the HT 300 lattice structure specimens. For the 3 
× 3 × 3 specimens, the SEA is slightly smaller for the AB specimen (with 
respect to the 2 × 2 × 2 specimens), whereas it is significantly smaller 
for the HT 200 specimens, passing from 11.4 mJ/mm3 for the 2 × 2 × 2 
specimen to 9.1 mJ/mm3 for the 3 × 3 × 3 specimen. The lattice 
structure specimens subjected to the HT200 are therefore more prone to 
size effect, with the increment of the number of cells inducing a 
reduction of the specific absorbing capability and with defects contrib
uting to a rapid decrease of the peak force, limiting the energy which can 
be absorbed, as can be seen in Fig. 7a and b. The SEA for the HT300 
specimen is not affected by size-effect and, on the other hand, is larger 
for the 3 × 3 × 3 specimens. The HT300 allows not only an enhancement 
of the energy absorption capability, but also makes the material less 
sensitive to size effect and to the detrimental influence of defects, which, 
in a probabilistic framework, tends to increase their size with the 
increment of the material volume.

In Table 5, the peak-to-mean force ratio and crush efficiency are 
reported for the HT 300 specimens. These parameters could not be 
evaluated for the other sample configurations, since they exhibited 
abrupt failure, with a rapid drop in force after the peak load.

Fig. 7. Force-displacement curves from quasi-static compression tests for (a) 2 × 2 × 2 and (b) 3 × 3 × 3 lattice specimens in the AB, HT-200, and HT-300 conditions. 
The AB and HT-200 specimens show early peak load followed by abrupt force drop, whereas HT-300 exhibits a lower peak force and a more extended, stable crushing 
response, consistent with higher energy absorption.

Fig. 8. Representative engineering stress-strain curves from quasi-static 
compression tests for 2 × 2 × 2 and 3 × 3 × 3 lattice specimens in the AB, 
HT-200, and HT-300 conditions. The curves are shown to compare the influence 
of specimen size and heat treatment on compressive response. For a given 
material condition, the two specimen sizes show similar trends, indicating a 
limited size effect within the investigated range.

Table 4 
Summary of the quasi-static compression results for the investigated lattice 
specimens. Reported quantities include average peak force, average peak stress, 
absorbed energy before densification, and specific absorbed energy (SEA). The 
values are averages of the two repetitions for each condition.

Specimen 
condition

Number 
of cells

Average 
peak force 
[N]

Average 
peak stress 
[MPa]

Average 
absorbed 
energy [J]

Average 
SEA [mJ/ 
mm3]

AB 2 × 2 × 2 14,738 45 21.5 11.9
HT 200 2 × 2 × 2 13,537 42 21.6 11.4
HT 300 2 × 2 × 2 10,249 32 58.9 32.7
AB 3 × 3 × 3 32,550 45 68.4 11.8
HT 200 3 × 3 × 3 29,100 40 50.2 9.1
HT 300 3 × 3 × 3 22,150 30 206.5 35.6

A. Benelli et al.                                                                                                                                                                                                                                  International Journal of Mechanical Sciences 324 (2026) 111789 

7 



In order to fully characterize the effect of the investigated heat 
treatments, the failure modes and the damage mechanisms have been 
compared. Fig. 9 shows the damage evolution for the 2 × 2 × 2 speci
mens, Fig. 9a for the AB specimen, Fig. 9b for the HT200 specimens and 
Fig. 9c for the HT300 specimens.

According to Fig. 9, the heat treatment significantly affects the 
damage evolution and the failure mechanisms and is the reason for the 
different absorption capability of the investigated specimens. In partic
ular, for the AB and the HT200 specimens, the failure mode is quite 
similar. Indeed, beams randomly distributed within the specimens begin 
to fail, with a subsequent damage progression and the following failure 
of the joint between different beams. The initial failure is randomly 
distributed and occurs where the weakest site, for example a large in
ternal or surface defect, is present. On the other hand, the HT300 
specimen shows a completely different failure mode. Indeed, when the 
load is applied, almost all beams start deforming. This damage mecha
nisms progress as the applied load increases, but without a complete 
failure of the beams or of the node. In particular, the beams fold in on 
themselves smoothly. This explains why the force-displacement trend do 
not show an abrupt decrease of the force which remains almost flat after 
the peak force is reached, allowing to absorb a significantly larger 
amount of energy. As the damage progresses, the lower cells tend to 
compact reaching the maximum deformation before the densification 
phase and the test arrest. Even in this condition and when the maximum 
deformation is reached, the visible beams do not show complete failure, 
thanks to the high ductility induced by the HT300 and observed in the 
quasi-static tensile tests.

3.3.2. Impact tests
Impact tests have been carried out to verify the influence of load 

speed on the compressive response of the investigated specimen, also to 
verify if the possible strain rate effect is dependent and varies with the 
investigated heat treatments. Fig. 10 shows the result of the impact tests: 
Fig. 10a, c and e show the experimental Force displacement curves (two 
tests at 4 m/s and two tests at 8 m/s) for the AB, HT200 and HT300 
specimens, respectively. Fig. 10b (for the AB specimens), d (for the 
HT200 specimens) and f (for the HT300 specimens) compare, for the 
same heat treatment, the force displacement curves for the quasi-static 
tests and impact tests at 4 m/s and 8 m/s. In these Figures, for the 
sake of clarity, one representative test for each condition is shown. 
Fig. 10g and h compares (one representative test for each condition) the 
impact tests at 4 m/s and 8 m/s.

According to Fig. 10a, for the AB specimens, the tests carried out at 4 
m/s and 8 m/s show a similar trend, with no evident difference. More
over, for the same impact speed, the two tests are very close, exhibiting a 
highly repeatable behaviour. Similar conclusions can be made for the 
HT200 specimen (Fig. 10c), with no evident strain rate effect by ana
lysing the tests at 4 m/s and 8 m/s. However, for these specimens, the 
curves obtained at the same impact speed show some small differences, 
with different trends and peak forces. This difference can be related to a 
more pronounced sensitivity to defects and material irregularities, 
which can induce random local failures which influence and modify the 
resulting force-displacement curve. For the HT300 specimens (Fig. 10e), 
the force-displacement curves are similar, with the impact tests at 4 m/s 
achieving a smaller maximum displacement, as if the 8 m/s specimens 
can reach a more pronounced compaction. All specimens show an 
oscillating trend after the peak force is reached, regardless of the impact 
speed. The final displacement is larger for the 8 m/s impact, as a better 
and more efficient compaction can be obtained as the impact speed 
increases.

By comparing the tests carried out at 4 m/s and 8 m/s with the quasi- 
static test curve (Fig. 10b, d and f), the strain rate effect is, on the other 
hand, evident. The peak stress tends to increase, regardless of the 
specimen condition, as well as the displacement at failure. This can be 
attributed to a possible strain rate dependent behaviour of the AlSi10Mg 

Table 5 
Mean crushing force, peak-to-mean force ratio, and crush efficiency for the HT- 
300 specimens under impact loading. These crashworthiness indicators are re
ported only for HT-300 because this condition exhibited a sufficiently stable 
progressive crushing response.

Specimen 
condition

Impact 
speed [m/s]

Mean crushing 
force [N]

Peak to mean 
force ratio

Crush 
efficiency

HT 300 4 15,514 1.875 0.534
HT 300 8 17,211 1.865 0.536

Fig. 9. Damage evolution during quasi-static compression of 2 × 2 × 2 lattice specimens: (a) AB, (b) HT-200, and (c) HT-300. The AB and HT-200 conditions show 
localized fracture and progressive joint failure, whereas HT-300 exhibits a more distributed deformation mode with progressive strut bending/folding and 
delayed rupture.
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Fig. 10. Force-displacement curves from impact and quasi-static compression tests. Panels (a), (c), and (e) compare the two repetitions at 4 m/s and 8 m/s for the AB, 
HT-200, and HT-300 conditions, respectively. Panels (b), (d), and (f) compare representative quasi-static and dynamic curves for the same three conditions. Panels (g) 
and (h) compare the three material conditions at 4 m/s and 8 m/s, respectively. The results show a clear increase in peak force from quasi-static to dynamic loading, 
whereas the difference between 4 m/s and 8 m/s is limited within the investigated velocity range.
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material under impact loads [77]. For the HT300 specimens, the trend is 
almost flat after the peak stress, but in the tests carried out at 4 m/s and 8 
m/s, large oscillations can be observed, and this is a clear effect of 
increasing the impact speed and possible vibrations arising during the 
impact. Indeed, this effect is more evident for the largest tested impact 
speed, corresponding to 8 m/s. The effect of the heat treatment for the 
same impact speed is compared in Figs. 10 (Fig. 10g for 4 m/s and 10 h 
for 8 m/s). These Figures confirm the results of the quasi-static tests, 
with the HT 300 specimens characterized by a smaller peak force, but a 
significantly larger displacement at failure. The above commented 
force-displacement trends can be compared and investigated also by 
considering the failure modes and the damage evolution during the 
impact tests and recorded with the high-speed camera, shown in Fig. 11
for an impact speed of 4 m/s and 8 m/s.

According to Fig. 11, the damage mode of the AB and the HT200 
specimens is very similar and close to that observed in the quasi-static 
tests. In particular, the damage process starts randomly, with subse
quent beam failures. As the impactor continues to move down, the 
damage progressively expands as all cells collapse, with a rapid decre
ment after the peak stress is reached. For the HT300, the damage mode is 
the same found for the quasi-static test, regardless of the impact speed. 
Indeed, the beams start deforming when the impactor hit the specimen 
surface and these beams are subject to large deformation, allowing to 
absorb large quantities of energy. Even for these dynamic loads, the 
beams do not fail and do not break and gradually collapse and compact 
as the impact speed moves down.

Table 6 compares the peak force and the absorbed energy during the 
quasi-static and the impact tests. In order to better visualise the results, 
the peak forces and the absorbed energies are plotted with respect to the 
impact speed in Fig. 12a and Fig. 12b.

According to Table 6 and Fig. 12a, the peak force tends to increase 
from the quasi-static and dynamic tests. On the other hand, it remains 
quite constant for the investigated impact speed range, with the varia
tion which can be ascribed to the experimental variability. This 
behaviour does not depend on the impact speed. Moreover, the peak 
force for the AB specimens shows, regardless of the testing condition. 
The absorbed energy, Ea, shows a similar trend. Indeed, Ea is the smallest 
for the quasi-static tests, and increases at an impact speed of 4 m/s and 8 
m/s. The difference between Ea at 4 m/s and 8 m/s is limited, with an 
almost flat trend. The variability of the Ea values is smaller than the 
variability of the peak force, with the Ea of the two repetitions in the 
same testing conditions being very close. Since two repetitions were 
available for each configuration, the experimental scatter is discussed 
here mainly through the box plots reported in Fig. 12, rather than 
through standard-deviation-based metrics. Overall, the spread of the 
results remains limited, which is consistent with the micro-CT obser
vations showing no major systematic differences among nominally 
identical specimens. The variability of peak force is more evident for the 
HT-200 condition, particularly under impact loading, whereas the 
variability of absorbed energy is smaller and becomes particularly 
limited for HT-300. This behaviour suggests that in the AB and HT-200 
states the response is still strongly influenced by the random position of 
the most critical defect, which can trigger premature local failure, 
whereas in the HT-300 condition the more distributed crushing mode 
reduces the influence of individual critical defects on the overall energy 
absorption. The increase in absorbed energy can be attributed to the 
portion of energy absorbed due to the higher peak stress. In addition, a 
more uniform distribution of the damage evolution due to the dynamic 
load propagation can be the also be responsible for the higher absorbed 
energy, as well as inertial effects due to the impact speed. On the other 
hand, these factors have a negligible effect when the impact speed is 
increased from 4 m/s to 8 m/s, highlighting that the main influence is 
associated with the transition from quasi-static to dynamic loading. In 
contrast, within the dynamic domain, these effects remain almost un
changed even when the impact speed is doubled (within the investigated 
low-speed impact range).

4. Discussion

This section discusses the experimental results from a mechanistic 
standpoint to clarify how low-temperature heat treatment modifies the 
process-structure-property relationship of LPBF AlSi10Mg octet-truss 
lattices. The discussion first links the observed microstructural evolu
tion to the measured changes in ductility, then interprets the corre
sponding deformation modes, failure initiation, and damage evolution 
under quasi-static and impact loading. Finally, the implications of the 
adopted octet-truss topology for crash-oriented design are discussed.

4.1. Heat treatment, microstructure and ductility

The experimental results indicate that the main effect of heat treat
ment is not simply a change in the nominal strength level of the alloy, 
but a progressive modification of the local deformation capacity avail
able within the struts. This point is important because the crushing 
response of the lattice is governed not only by topology, but also by how 
much local plasticity can develop before fracture starts in the load- 
bearing members. The tensile results already show that the HT-200 
condition remains relatively close to the AB state, whereas HT-300 
produces a much larger strain to failure, despite the expected reduc
tion in strength associated with the more evolved microstructure 
(Table 1).

The microstructural observations are consistent with this change in 
behaviour. In the lower-temperature condition, the microstructure is 
only partially altered, so the material retains a relatively limited local 
ductility. By contrast, after treatment at 300 ◦C, the Si-rich network 
becomes more fragmented and rounded, and the alloy enters a more 
ductile over-aged condition. This promotes a more homogeneous plastic 
flow and delays the nucleation of microcracks, which is particularly 
relevant in 3D printed lattice structures where stress concentrations are 
amplified by geometric imperfections and by the presence of internal 
defects.

From this perspective, heat treatment changes the way the lattice 
accommodates deformation before collapsing. In the AB and HT-200 
conditions, the available local ductility is limited, so damage is more 
likely to start early at critical locations and propagate in a localized way. 
In the HT-300 condition, instead, the larger strain to failure allows the 
struts to deform more extensively before rupture, which changes not 
only the onset of damage, but also the overall sequence of crushing 
events.

4.2. Failure initiation, damage evolution and collapse mechanism

Under quasi-static loading, the difference between the three condi
tions is not limited to the magnitude of force and absorbed energy; it also 
concerns the way collapse develops. In the AB and HT-200 specimens, 
the crushing process remains predominantly fracture-dominated. Dam
age appears to initiate at isolated weak locations, most likely at defect- 
sensitive struts or at nodes where geometrical deviations and local stress 
concentrations are more severe. Once a small number of critical mem
bers fail, the load is redistributed only to a limited extent, and collapse 
proceeds through localized strut fracture followed by progressive node/ 
joint failure. This interpretation is consistent with the abrupt drop 
observed after the first peak (Fig. 7a and b) and with the images showing 
broken members and damaged joints during compression (Fig. 9a and 
b).

The HT-300 condition behaves differently. Here, the collapse be
comes noticeably more distributed, and the deformation is sustained by 
a larger number of struts over a longer portion of the crushing process. 
The images suggest that these members can undergo substantial axial 
yielding and bending, together with local plastic hinging or folding, 
before complete rupture occurs. This delays the onset of catastrophic 
failure and reduces the tendency of the structure to collapse through a 
single dominant fracture event. The nodes also remain intact for a longer 
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Fig. 11. Collapse sequence observed during impact tests for the three material conditions. Panels (a)–(c) correspond to 4 m/s and panels (d)–(f) to 8 m/s, for AB, HT- 
200, and HT-300, respectively. AB and HT-200 fail through localized rupture of struts and joints, whereas HT-300 shows a more progressive and ductile compaction 
mode with larger deformation prior to failure. The overall collapse mechanism remains qualitatively similar at 4 m/s and 8 m/s.
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part of the loading history, which allows a more progressive load 
redistribution among adjacent cells. This is reflected in the smoother 
force-displacement response, the less pronounced post-peak drop, and 
the higher absorbed energy measured for HT-300 (Fig. 7a and b).

A similar ranking of mechanisms is observed under impact loading. 
The AB and HT-200 conditions still show a response governed by local 
rupture events, even though the absolute force level increases with 
loading rate. Damage continues to develop from a limited number of 
critical members and then propagates through neighboring struts and 
nodes, which indicates that the response remains sensitive to local 
weakness and fracture initiation. By contrast, the HT-300 specimens 
preserve a more distributed collapse mode even under dynamic condi
tions: the struts experience larger deformation before failure, lower cells 
compact progressively, and no abrupt member breakage comparable to 
the AB and HT-200 cases is evident in the visible collapse sequence 

(Fig. 11). The role of HT-300 can therefore be interpreted as a shift from 
a defect-sensitive and fracture-dominated response to a more ductile 
plastic-collapse regime, and this shift remains visible in both quasi-static 
and impact tests.

For clarity, the main features of the observed collapse mechanism are 
summarized in Table 7.

This interpretation is also consistent with the observed experimental 
scatter. When collapse is governed by early localized fracture, as in the 
AB and HT-200 conditions, the response is more sensitive to the location 
and severity of the most critical defect, which may cause larger 
specimen-to-specimen differences in peak force. By contrast, the more 
distributed crushing mode observed in HT-300 makes the global 
response less dependent on a single critical flaw and therefore leads to a 
more stable absorbed-energy response, which is particularly relevant for 
crash applications where repeatability is as important as peak 
performance.

4.3. Topology choice and implications for crash oriented design

The present results should also be interpreted in light of the adopted 
octet-truss topology. As a stretch-dominated architecture, the octet-truss 
is attractive for lightweight applications where relatively high stiffness 
and efficient load transfer are required. At the same time, it is important 
to recognize that bending-dominated lattices often exhibit longer and 
more stable crushing plateaus and may achieve higher specific energy 
absorption at comparable relative density. For this reason, the present 
study does not aim to claim that the octet-truss is the universally optimal 
topology for crash absorption. Rather, it uses a canonical and mechan
ically well-understood lattice to isolate the effect of heat treatment from 
the additional variables introduced by topology changes. In this sense, 
the octet-truss serves as a useful reference architecture for studying 
whether a geometry-free design variable, such as heat treatment, can 
significantly alter crash response.

This choice also helps frame the practical significance of the results. 
In a stretch-dominated lattice, unstable collapse or premature member 
fracture can compromise the expected load-bearing efficiency. The fact 
that HT-300 promotes a more progressive and distributed crushing 
mode is therefore especially relevant, because it shows that the intrinsic 
limitations of a conventional octet-truss can be partially mitigated 
without redesigning the unit cell. In other words, the treatment does not 
change the lattice topology, but it changes how that topology is 

Table 6 
Summary of the mechanical response measured in quasi-static and impact tests 
for the investigated lattice specimens. For each test, the table reports impact 
mass (when applicable), impact velocity, peak force, and absorbed energy.

Specimen Impact mass 
[kg]

Impact speed 
[m/s]

Peak force 
[N]

Absorbed 
energy [J]

AB 1 30.98 4.099 42,704 94.59
AB 2 30.98 4.099 42,567 97.76
AB 3 7.982 8.102 43,552 89.90
AB 4 7.982 8.118 42,940 84.31
AB 1 QS - - 32,500 69.91
AB 2 QS - - 32,600 66.80
HT300 1 30.98 4.099 29,081 264.67
HT300 2 30.98 4.100 32,091 264.46
HT300 3 7.98 8.118 28,938 261.36
HT300 4 7.98 8.150 27,859 262.45
HT300 1 

QS
- - 22,000 205.85

HT300 2 
QS

- - 22,300 207.23

HT200 1 30.98 4.099 35,291 99.29
HT200 2 30.98 4.097 39,585 79.55
HT200 3 7.98 8.092 38,163 76.29
HT200 4 7.98 8.119 41,676 75.86
HT200 1 

QS
- - 28,600 46.86

HT200 2 
QS

- - 29,600 53.61

Fig. 12. Variation of (a) peak force and (b) absorbed energy with loading speed for the AB, HT-200, and HT-300 conditions. For all materials, peak force increases 
from quasi-static to dynamic loading, while the difference between 4 m/s and 8 m/s remains limited. HT-300 consistently provides the highest absorbed energy, 
confirming the beneficial effect of the 300 ◦C heat treatment on crash performance.
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activated during crushing.
From a crash-design perspective, this has a direct implication. A 

response governed by localized fracture and early node failure tends to 
produce less stable collapse and more abrupt force variations, whereas a 
more distributed plastic-collapse mode favours smoother compaction 
and more predictable energy dissipation. This is precisely the type of 
behaviour that becomes valuable when the lattice is transferred from 
specimen scale to a component-level absorber. The more stable crushing 
response measured for HT-300 therefore provides the physical basis for 
the design strategy developed in the following section, where the ther
mally tuned lattice is used to build an automotive crash absorber under 
prescribed energy and packaging constraints. At the same time, the 
present conclusions should be interpreted within the limits of the 
investigated octet-truss architecture, and further work is needed to 
assess whether the same thermal-tuning strategy yields comparable or 
even stronger benefits in bending-dominated or TPMS-based lattices.

5. Design of a crash absorber by finite element modelling

This section moves from specimen-scale interpretation to 
component-scale design. First, the finite element model is introduced 
and validated against the quasi-static and impact experiments in the HT- 
300 condition. The validated model is then used to design and assess a 
lattice-based automotive crash absorber under realistic energy and 
packaging constraints.

5.1. FE model of the compression tests

The lattice structures are modelled with 1D beam elements, which 
are able to well capture the compressive response without affecting the 
computational efficiency, as in the case of 3D solid elements [78]. The 
struts have been discretized with 1.0 mm long Hughes-Liu beam ele
ments, as determined through a convergence analysis.

Material behaviour is modelled with an elasto-plastic law, whose 
plastic regime is that identified through tensile tests on specimen heat- 
treated at 300 ◦C (cf. Table 1). The strain rate sensitivity is modelled 
with the Cowper-Symonds model, whose material characteristics C and 
p are determined with a trail-and-error process by comparison with the 
experimental results of the dynamic test at 4 m/s. The impact test at 8 
m/s is instead used for validation.

The compression tests have been replicated by means of two rigid 
walls disposed above and below the specimen, one fixed and one moving 
with a prescribed motion law. More in detail, in the case of the quasi- 
static tests, the rigid wall moves with constant speed, as in the 

experimental test. In the dynamic impact tests, the rigid wall has an 
initial kinetic energy, with mass and initial velocity defined in accor
dance with the simulated test.

5.2. Validation of the FE model

Figs. 13 compare the experimental and numerical results of the 
quasi-static tests. Fig. 13a reports the comparison of the 2 × 2 lattice 
specimen, while Fig. 13b shows the results of the 3 × 3 structure.

According to Figs. 13, the model well replicates the global behaviour 
of the lattice structure, with the force oscillating as result of the pro
gressive crushing. The resulting force-displacement curve slightly 
overestimates the experimental trend. The estimated peak force and the 
mean crushing force are on average 13% and 25% higher than the 
experimental results, respectively. This can be attributed to the presence 
of internal defects, which have been shown to affect the crushing per
formance of lattice structures [28,79]. Both the 2 × 2 and the 3 × 3 
models well capture the progressiveness of the crushing phenomenon, as 
highlighted in Figs. 13.

Fig. 14a and Fig. 14b show the results of the 4 m/s impact and 8 m/s 
impact, respectively.

The C and p parameters of the Cowper-Symonds model have been 
found equal to 6500 and 1.25, respectively, by comparison with the 
results of the impact test at 4 m/s, and validated on the results of the 
impact test at 8 m/s. Oscillations observed in the experimental results 
are mainly caused by inertial effects combined with the position of the 
load cell. The load, positioned at the top of the impactor, indeed ac
quired its longitudinal vibrations as result of the impact event. Never
theless, the numerical model well captures the average force-intrusion 
curves, as well as the progressive crushing behaviour of the structure. 
The estimated mean crushing force is on average 10% higher than that 
obtained in the experimental test.

The agreement between the experimental and numerical data vali
dates the numerical model, which can be reliably adopted in the design 
of an automotive crash absorber made of octet strut lattice structures.

5.3. Automotive crash absorber made of octet strut lattice structures

Crash absorbers must dissipate the kinetic energy of the vehicle in 
low-speed accident events, that is 15 km/h according to the RCAR 
structural crash protocol, to protect passengers and reduce damage to 
other components, such as the radiator. In the worst-case scenario, that 
is the 40% overlap impact, a single crash absorber must dissipate the 
whole kinetic energy of the vehicle in the accident.

To assume a realistic design scenario, a C segment vehicle, namely a 
Toyota Yaris whose LS-Dyna model is available at [80], is retained, 
whose mass is 1400 kg. Accordingly, the energy to dissipate in an ac
cident at 15 km/h is 12.1 kJ. Moreover, for replacing the crash absorber, 
envelope and mass constraints must be accounted for. The crash tube has 
a mass of 1.05 kg and dimensions 235 mm in length and 89×109 mm in 
the cross-section, with a wall thickness of 1.8 mm.

The crash absorber must be designed to avoid global buckling, thus 
guaranteeing a progressive crushing behavior, as well as the peak force 
must be limited, as it can induce critical deceleration for passengers.

Preliminary simulations on rectangular solid shaped crash absorbers 
have been performed to assess the influence of the cross-section di
mensions and of the strut diameter on the mean crushing force and 
absorbed energy until densification. Each rectangular solid shaped crash 
absorber presents a square cross-section with repetitions of unit cells and 
has a length of 5 unit-cells, i.e., 42.5 mm, to avoid buckling. For 
example, the 4 × 4 crash absorber has 16 unit-cells in the cross-section. 
Strut diameter has been varied between 0.8 and 1.4 mm on the 8 × 8 
crash absorber. Results of the preliminary simulations are reported in 
Figs. 15.

This analysis allows to identify preliminary dimensions of the crash 
absorber. For example, for a 5 × 5 unit-cells cross-section, which has a 

Table 7 
Summary of the microstructure-dependent collapse mechanisms observed in the 
investigated lattice conditions, including qualitative information on micro
structural state, failure initiation, collapse mode, and macroscopic crushing 
response.

Configuration Microstructural 
state

Failure 
initiation

Collapse 
mode

Macroscopic 
response

As built Limited ductility Early 
initiation

Localized 
structure 
fracture

Abrupt post 
peak drop, 
unstable 
crushing

HT 200 Limited ductility Early 
initiation

Localized 
structure 
fracture

Abrupt post 
peak drop, 
unstable 
crushing

HT 300 More evolved 
and ductile state

Delayed 
and more 
distributed 
initiation

Axial 
yielding/ 
bending, 
local 
plastic 
folding.

Smoother 
plateau-like 
response, 
progressive 
compaction, 
higher 
absorbed 
energy
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transversal envelope of 42.5 × 42.5 mm and absorbs almost 0.25 kJ per 
row of unit-cells, 50 unit-cells in length are required to absorb 12.1 kJ. 
However, rather than progressively crushing, a crash absorber of 5 × 5 ×
50 unit-cells presents undesired global buckling, which strongly limits 
the energy absorption capability of the structure. Similar behavior has 
been observed with a 6 × 6 × 35 crash absorber. On the contrary, in a 7 
× 7 × 25 or in an 8 × 8 × 20 absorbers, given the high mean crushing 
force, high deceleration is obtained from the beginning of the intrusion 
event, which can be critical for passengers. This effect can be mitigated 
by reducing the strut diameter, as shown in Fig. 15c.

Accordingly, to limit the deceleration, while avoiding global buck
ling, the automotive crash absorber has been designed with a variable 
strut diameter along its length. A linear variation between 0.8 and 1.4 
mm has been retained from the top to the bottom of the component. 
Fig. 16a shows the crash absorber with variable strut diameter, which is 
made of 8 × 8 × 25 unit cells, i.e., the cross-section envelope is 68×68 
mm and the length is 212.5 mm, in accordance with the envelope con
straints of the retained vehicle.

The different colors of Fig. 16a highlight the different strut diameters 
of each row of unit cells. Figs. 16b and 16 c compare the force-intrusion 
response and the acceleration profiles of the proposed crash absorber 

and of the crash tube equipping the vehicle, respectively.
As shown, in the crash absorber made of octet truss lattice structures, 

the force linearly increases and slightly oscillates, as result of the linear 
variation of the strut diameter. Moreover, in comparison with the 
standard crash tube, the lattice absorber prevents the occurrence of peak 
deceleration values, in favor of the occupants’ safety. This is due to the 
progressive crushing behavior of the lattice-based structure, as shown in 
Fig. 16d Although both solutions satisfy the required crash-energy 
target, the proposed lattice absorber achieves a substantially higher 
mass efficiency, with the SEA increasing from 11.5 kJ/kg for the refer
ence crash tube to 20.16 kJ/kg for the proposed design, corresponding 
to an improvement of about 67%. At the same time, the lattice-based 
solution provides a smoother force-intrusion response and lower peak 
deceleration, which are beneficial for crash-management applications.

In addition to the superior crashworthiness, the crash absorber made 
of lattice structures allows to reduce the total mass of the component to 
0.6 kg, that represents >40% of reduction with respect to the standard 
crash tube. The global envelope is also reduced, being the cross-section 
envelope of the lattice absorber equal to 68×68 mm with length equal to 
212.5 mm, which facilitates the housing of other components. According 
to the results of Figs. 16, the crash absorber with variable diameter 

Fig. 13. Comparison between experimental and numerical force-displacement curves under quasi-static compression for HT-300 lattice specimens: (a) 2 × 2 × 2 and 
(b) 3 × 3 × 3. The FE model captures the global progressive crushing trend and the oscillatory response associated with successive collapse events, although it slightly 
overestimates the experimental force level.

Fig. 14. Comparison of force-displacement curve under impact: a) 4 m/s impact velocity; b) 8 m/s impact velocity. The quasi static and dynamic models properly 
follow the experimental trend.
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allows to achieve smooth force-intrusion behavior, while significantly 
reducing the mass component.

This analysis highlights that octet truss lattice structures, known for 
their strength, can be adopted in energy absorption applications by 
properly exploiting the process-structure relationship. The structural 
response can be tailored to energy absorption applications, such as the 
crash absorber of an automotive vehicle, achieving significant im
provements in terms of crashworthiness, mass and global envelope 
reduction, with respect to the currently adopted crash tube.

6. Conclusions

This study investigated the process-structure-property relationship 
of LPBF AlSi10Mg octet-truss lattices for crash-absorption applications, 
with particular focus on the role of low-temperature heat treatment as a 
geometry-free design variable. The experimental results showed that 
heat treatment strongly affects the crushing response of the lattice, even 
though the unit-cell topology remains unchanged. In particular, the HT- 
300 condition provided the clearest improvement: compared with the 
as-built and HT-200 states, it reduced the force peak, increased the 
deformation before collapse, and significantly enhanced the specific 
energy absorption under both quasi-static (around 4 times higher) and 
low-velocity impact loading (around 3 times higher) . By contrast, HT- 
200 produced only limited benefits and remained mechanically closer 
to the as-built condition.

The observed macroscopic response is consistent with the micro
structural evolution induced by thermal treatment. The EBSD analysis 
and tensile results indicate that HT-300 promotes a more ductile ma
terial state, associated with a more evolved Si-rich network and a 
markedly higher local strain-to-failure. This change in local deformation 
capacity alters the collapse mechanism of the lattice. In the as-built and 
HT-200 conditions, crushing remains dominated by early localized 
fracture and abrupt post-peak force drop, making the response more 

sensitive to critical defects. In HT-300, instead, the collapse becomes 
more distributed and progressive, with struts undergoing larger defor
mation before rupture and with a smoother plateau-like response. This 
shift from a defect-sensitive fracture-dominated regime to a more ductile 
plastic-collapse regime is the main physical reason for the improved 
crashworthiness.

From a design perspective, these results show that heat treatment can 
be used as an effective post-process lever to tailor the crash response of 
additively manufactured lattices without modifying the geometry. This 
concept was further confirmed at component level through FE-based 
design of a lattice crash absorber for automotive applications. The 
proposed HT-300-based solution satisfied the 12.1 kJ crash-energy 
target of a segment C vehicle while reducing the component mass by 
>40% compared with a conventional crash tube. At the same time, the 
component-level specific energy absorption increased from 11.5 kJ/kg 
for the reference crash tube to 20.16 kJ/kg for the proposed lattice 
absorber, corresponding to an improvement of about 67%, together with 
a smoother force-intrusion response and lower peak deceleration. These 
conclusions should nevertheless be interpreted within the limits of the 
investigated octet-truss architecture and relative-density range, but the 
proposed strategy is promising and flexible and is expected to poten
tially be applied to other geometry.
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Fig. 15. Preliminary numerical analyses used to size the lattice-based automotive crash absorber: (a) example of the rectangular lattice absorber used in the 
parametric study, (b) influence of cross-section size on mean crushing force, and (c) influence of strut diameter for the 8 × 8 × 5 configuration. Increasing the number 
of cells or the strut diameter increases the mean crushing force and modifies the absorber design space.
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Fig. 16. Lattice-based automotive crash absorber designed with a linearly varying strut diameter: (a) geometry of the proposed absorber, (b) comparison of force- 
intrusion response with the reference crash tube, (c) comparison of deceleration histories, and (d) simulated crushing sequence of the lattice absorber. The graded 
lattice design provides progressive crushing, smoother force development, and lower peak deceleration while satisfying the crash-energy target.
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