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A B S T R A C T

Lattice structures realized through additive manufacturing have garnered increasing interest within both 
academia and industry in recent years. Various factors, including unit cell topology, base material, heat treat
ments, and relative density, significantly influence the overall behaviour of these architectured structures. This 
study specifically examines the compressive mechanical behaviour of solid-based gyroid lattices made of Ti6Al4V 
alloy through Laser Powder Bed Fusion (PBF-LB) technique. Specimens with four different relative densities were 
produced to investigate the impact of this parameter on the compressive behaviour (quasi-static and fatigue); 
furthermore, each relative density category included two sets of specimens to evaluate the effect of annealing and 
Hot Isostatic Pressing (HIP) as post-processing techniques. Micro-CT scans, microstructural, postmortem and 
finite element analyses were included to further evaluate the failure mechanisms and explain the observed 
experimental results. Furthermore, the behaviour documented in the present analysis has been correlated with a 
wide fatigue dataset retrieved from literature in an effort to dig deeper into the behaviour of these structures. The 
results, together with the retrieved dataset, allowed for a more comprehensive understanding also considering 
aspects such as yielding effect, surface roughness and notch mechanics. It has been proved that the use of 
optimized process parameters and cheaper heat treatments is able to match the beneficial effects expected by 
HIP. Furthermore, easy-to-use methodologies to account for the reduction in strength due to the change in 
relative density presented in the literature, such as effective and normalized stress, have been considered to 
evaluate their accuracy, but also their limitations.

1. Introduction

Conventional manufacturing struggles to meet the demand for 
customized components and the full exploitation of material properties, 
limiting the production of innovative, lightweight designs. Additive 
manufacturing (AM) overcomes these constraints, unlocking opportu
nities to customize component properties that were previously unat
tainable. This is particularly evident in lattice structures and multi- 
topology metamaterials [1]. Lattice structures consist of periodic unit 
cells whose design parameters govern the global mechanical behaviour. 
Despite the vast potential for global design variations, only a few unit 

cell configurations meet the requirement for a regular and undistorted 
periodic pattern [2,3]. Among these, triply periodic minimal surface 
(TPMS) lattices are particularly appreciated in biomedical applications 
due to their biomorphic, interconnected porous geometries that promote 
tissue integration and mass transport [4–7]. The mechanical behaviour 
of AM lattice components is strongly influenced by both manufacturing 
conditions [8–10] and geometrical features [11–13]. Process-induced 
defects, residual stresses, anisotropy and surface quality – that de
pends also on the surface orientation with respect to the building one 
[14] – significantly affect their mechanical performance. However, the 
influence of individual process parameters remains difficult to isolate 
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[15–17].
A key parameter controlling the overall lattice behaviour is the 

relative density, defined as the ratio of actual material volume and total 
component volume [3,11]. Considering lattices as metamaterials, in 
terms of nominal stress values – given by the ratio of load and gross 
section of lattice component, a fatigue strength decrease must be ex
pected with a decrease in the relative density: a smaller strut net cross- 
section leads to lower critical loads having the maximum critical stress 
limited by the bulk material properties. Foreseeing the degree of this 
reduction in fatigue strength is not straightforward. Various attempts 
have been done to establish easy-to-use design methodologies to account 
for such strength variation. One of the proposed solutions is the so-called 
effective stress, defined as the nominal stress divided by the relative 
density of the component analysed. Although evidence in the literature 
suggests that this may be a valid solution to account for the effect of 
relative density [18], counterproofs weaken and restrain its validity 
[19], proving that its applicability must be established at least on the 
basis of additional conditions. Indeed, the same value of relative density 
can be achieved through different combinations of unit cell size and 
strut thicknesses. By changing the latter one while keeping constant the 
process parameters, various outcomes can be obtained in terms of micro- 
porosity, microstructure and ratio between the strut/wall thickness and 
the surface features [19], leading to possible influences on the achieved 
mechanical properties.

An alternative is the normalized fatigue strength [11], the ratio of 
fatigue to yield strengths of the component. Proofs have been provided 
in literature to support the hypothesis that relating the fatigue strength 
to the quasi-static mechanical properties may allow accounting for 
various parameters such as material, microstructure, real geometry, and 
of course, relative density [11]. Although its validity appears to be 
strengthened by its overall satisfying application in various works 
[20–24], the comparison of such results reveals dependencies from as
pects, such as the unit cell geometry, that, according to the method 
hypothesis, should already be accounted for. Appropriate and in-depth 
discussions on this topic will be provided within dedicated sections in 
this work. Dealing with AM, proper comparison on this basis requires 
minimizing variations in other possible influencing factors such as the 
process parameters. However, relationships between quasi-static and 
fatigue behaviour represented the scope of much research carried out 
also on conventional components and materials, resulting in promising, 
yet not conclusive, solutions. Despite the importance and value of the 
most recent research, well-established and consolidated outcomes from 
decades of research work on fatigue often end up being overlooked; 
among these, the yielding effect, surface roughness effect and notch 
mechanics [18] may provide promising points of view to explain the 
differences in the fatigue behaviour of lattice components available in 
literature.

Among the various methodologies used to investigate the mechani
cal behaviour of lattices – particularly their fatigue performance – local 
approaches may represent a valuable solution. In the literature, the term 
“local” has been employed to describe methods of different nature. For 
instance, Meshram et al. [25] used it to denote a point method (specif
ically as “local stress”) that evaluates the maximum stress in trusses 
simplified as beams, while neglecting features such as the nodes at strut 
intersections, which are responsible for stress concentrations and gra
dients. Conversely, other studies – such as those by Raghavendra et al. 
[26], De Biasi et al. [27] and Boniotti et al. [28] – adopt methodologies 
typically referred to as local approaches in literature, specifically the 
averaged strain energy density (SED) method [26,27] and the theory of 
critical distances (TCD) combined with the von Mises stress [28]. These 
field-based local approaches directly account for the effects of stress 
concentrations and gradients arising from the notches created by struts 
intersections. Furthermore, the application of fracture mechanics con
cepts to the fatigue assessment of lattices has also been explored, for 
example, by Collini and Meneghetti [29].

Limited research efforts are usually dedicated to interpreting the 

observed experimental behaviour in a wider perspective, confining the 
analysis to the boundaries of the variables directly studied. Yet, many 
works have significantly contributed to exploring ways to improve lat
tice fatigue performance. A major limitation of AM is the high occur
rence of internal and surface defects [30] whose reduction enhances the 
fatigue performance. Studies investigating lattices with different relative 
densities obtained through different wall thicknesses reported varying 
fatigue responses and levels of micro-porosity [19], suggesting a cause- 
and-effect relationship. Moving from these and similar observations, 
post-treatments aimed at reducing internal porosity have been investi
gated to improve and homogenize fatigue performance across different 
relative densities. Several post-processing treatments have been 
explored to mitigate inherent AM defects that persist despite optimized 
process parameters being employed. Mechanical and chemical treat
ments improve surface quality [31–35] while other methods address 
internal defects and microstructural issues [13,36,37]. Among them, 
Hot Isostatic Pressing (HIP) reduces internal porosity, residual stresses, 
and anisotropy [38,39] while improving ductility in Ti6Al4V, though 
reducing the yield strength [40]. HIP generally improves fatigue per
formance and reduces data scatter [41–43] acting on the internal 
microporosity; therefore, its benefits may be limited in lattice structures, 
where fatigue is often surface-driven and surface finishing is challenging 
[44–46]. Nevertheless, its microstructural benefits remain of interest, 
although simpler and cheaper post-treatments may offer comparable 
improvements.

Various parameters influence lattices fatigue behaviour, making 
their experimental assessment challenging due to possible synergistic 
effects. Moreover, features such as defects, surface roughness and 
geometrical deviations must be properly quantified to be accounted for; 
X-ray microcomputed tomography (micro-CT) is widely used for their 
characterization [47–53] while finite element (FE) analysis is commonly 
adopted as a complementary tool to investigate their effect through 
micro-CT reconstructed geometries [54,55]. Nevertheless, numerical 
predictions still fail to fully capture the experimental behavior; the 
reasons for this may be diverse but examining them could also help 
clarify the limitations that affect this investigation procedure. Discrep
ancies between numerical and experimental results could be attributed 
to several factors, including residual stresses, microstructural anisot
ropy, but also technical limitations in FE modelling, such as meshing 
simplification that may have decreased the severity of surface notches 
[56]. Moreover, a key role is played by the assumed failure hypothesis 
that may not adequately represent the actual fatigue mechanism or 
regime under analysis [28]. For instance, sharp surface-induced notches 
often invalidate point-based fatigue approaches with fracture mechanics 
(FM) being more suitable; yet FM hypothesis may be violated due to the 
limited dimensions of the strut/wall thickness. As a result, unavoidable 
simplifying assumptions limit a fully comprehensive description of AM 
lattice behaviour through FE analyses alone. Despite these limitations, 
FE modeling remains essential to efficiently explore large design spaces, 
allowing preliminary numerical screening before experimental valida
tion. Moreover, explicitly modelling all possible influencing aspects is 
neither feasible nor always advisable as poorly quantified effects may 
still lead to wrong conclusions while marginal contributions, such as 
surface roughness in quasi-static loading, may drastically increase 
computational cost with minimal accuracy gains. Leaving aside all the 
discussions about its accuracy, FE analysis still provides valuable insight 
into stress distribution and failure initiation in lattice structures 
[57–59], even when based only on as-designed geometries.

This study presents a systematic analysis of the mechanical proper
ties of solid gyroid lattices under quasi-static and fatigue loading con
ditions, focusing primarily on the effect of relative density and post- 
treatment techniques on their mechanical response. In addition to 
examining the relationship between design, printing outcome, and me
chanical performance, the potential benefits of HIP have been evaluated 
to determine the extent of its impact across the cases considered. As a 
secondary objective of the present study, this evaluation aims to 
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establish whether comparable benefits to those achieved with HIP 
treatment can be attained using less expensive and less complex tech
niques. The analysis is further supported by microstructural and post
mortem analyses and FE simulations. Finally, a more complete overview 
of the fatigue behaviour of lattices is attempted, considering also data 
drawn from literature in an effort to enclose the fatigue behaviour 
documented in the present work in a broader one that could also 
exhaustively explain all the considered fatigue data.

2. Materials and methods

2.1. Specimens design and fabrication

Solid-based gyroid lattices made of Ti6Al4V alloys were produced 
through PBF-LB process with the EOS M290 system using the default 
prescribed parameters for this material (i.e.: laser power of 280 W; scan 
speed of 1200 mm/s; 0.14 mm hatch spacing; 0.03 mm layer height and 
hatch scanning performed with a zig-zag fashion with 67◦ rotation on 
each layer followed by a contour scanning). Lattice coupon specimens 
were fabricated with nominal relative densities of 12.5 %, 25 %, 37.5 % 
and 50 %. The mathematical models of gyroids can be obtained through 
approximate level-set equations [60] that have the following 
expressions: 
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where x, y and z are the spatial coordinates in a Cartesian coordinate 
system, while a controls the unit cell size and c the porosity of the cell. 
The designs were created using nTop software [61] and representative 
images are shown in Fig. 1 with changing the relative density.

Each specimen was composed of five unit-cells of 4 mm size per side 
along each direction, resulting in a cubic specimen size of 20 mm. After 
the production, all specimens were stress relieved (SR) (in a vacuum 
furnace for 3 h at 650 ◦C prior to removal from the baseplate) and 
annealed (ANN) (in vacuum for 2 h in an annealing soak at 940 ◦C). 
Subsequently, the specimens were divided into two groups. One group 
underwent HIP at Quintus Technologies AB (Sweden) in Argon at 100 
MPa with a 2 h soak time at 925 ◦C, followed by a slow cooling of 
~− 10 ◦C/min. This specific combination of post-treatments was 
selected in an attempt to decouple the effects of microstructure and 
microporosity. The resulting microstructure was expected to be pri
marily governed by the ANN process, while the subsequent HIP treat
ment, performed at a slightly lower temperature than ANN, was 
intended to act mainly on microporosity without significantly affecting 
the microstructure. Detailed discussions of these aspects are provided in 
the Results and Discussions subsections.

For clarity, the treatment conditions considered in the present work 
are denoted as ANN for stress-relieved and annealed specimens and 
ANN-HIP for stress-relieved, annealed and HIPed specimens.

2.2. Micro-CT scan

Micro-CT scans were performed using a GE Nanotom S system. To 
scan the entire samples 150 kV and 130 μA were used, with a 0.5 mm 
copper beam filter, and 3000 images per full rotation to obtain a 14 μm 
voxel size. The micro-CT data have been post-processed using the soft
ware Dragonfly 3D World 2024.1.

The micro-CT data were used to reconstruct the actual geometry of 
the printed components and to evaluate wall thickness, deviation from 
the as-designed geometry and actual relative density. The segmentation 
was performed using thresholding and wall thickness was determined 
using the mesh thickness function. Deviations were calculated by 
registration of the design mesh to the actual mesh and applying a signed- 
deviation mapping function. In both cases, statistical analysis was per
formed directly within Dragonfly 3D World software.

2.3. Experimental campaign

Scanning Electron Microscopy (SEM) was performed using a Thermo 
Fisher Quanta™ 650 FEG with 20 kV accelerating voltage. The samples 
extracted for the microstructure analysis were ground down to 4000 grit 
and electropolished using a methanolic H2SO4 (1 mol/L) electrolyte at 
35 V for 60 s. Electron Backscattered Diffraction (EBSD) was carried out 
at a working distance of 20 mm, a step size of 0.5 µm in areas of 200 µm 
× 200 µm to determine the grain size distribution and Pole figures using 
an orientation imaging microscopy system attached to the SEM system.

Quasi-static compression tests were performed on two specimens per 
condition at a displacement rate of 1 mm/min using an MTS Alliance 
RT/150 machine. The tests were ended after reaching at least 1.3 times 
the first peak load; although neglecting the densification phase of the 
curve in some cases, this approach ensured the evaluation of all the 
mechanical properties in accordance with ISO-13314 standard [62]. The 
bulk material was characterized through uniaxial tensile testing on 
vertically printed dog-bone specimens in the ANN condition, following 
ISO 6892-1 [63], on an MTS Alliance RT/100 machine at room tem
perature and a displacement rate of 1 mm/min. Uniaxial compression 
fatigue tests were performed on lattice specimens using an MTS 100 kN 
Axial-Torsion Machine under load control at a frequency of 20 Hz and a 
load ratio of 0.1 in compression (intended as the ratio between the 
minimum and maximum load magnitudes, irrespective of their negative 
signs). The loading direction coincided with the building direction of the 
specimens to avoid possible influence given by surface roughness vari
ations between differently oriented surfaces of the specimens (such as, 
for example, down-skin regions). The tests were ended when either a 
global strain of 20 % was reached or 2 million cycles were completed 
without failure. Notably, the chosen strain limit does not influence the 
outcomes achieved as the specimens may be assumed fully collapsed at 
this condition [64]. Indeed, in high-cycle fatigue, the maximum 
compressive strain can be assumed to remain constant for most of the 
fatigue life with a sudden increase right before the final collapse [64]. 
Therefore, although arbitrary, the chosen ending condition does not 
significantly influence the number of cycles to failure, as the sudden 
increase of strain happens in a very limited part of the total fatigue life. 

Fig. 1. Schematic representation of the studied specimens.
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Furthermore, such a value of global strain allows postmortem analysis as 
the specimens are not completely crushed. The fatigue data were ana
lysed assuming a linear relation in a log–log S-N diagram to determine 
the inverse slope, the scatter band for probabilities of survival (PS) of 10 
%, 50 % and 90 % and the scatter index (defined as the ratio between the 
fatigue strength value at 2 million cycles for 10 % PS over the one at 90 
%PS).

The failed specimens were then prepared to investigate the fatigue 
fracture morphology and the failure mechanism using SEM. The speci
mens were prepared through ultrasonic cleaning in ethanol for five 
minutes to remove nonconductive particles such as dust.

2.4. FE model

3D modelling and simulation were carried out in ABAQUS/Explicit 
2019 on the lattice specimens (with a cube size of 20 mm) at all the 
investigated relative densities. An explicit solver was chosen due to its 
high robustness and efficiency in solving highly non-linear quasi-static 
problems. The representative numerical model is shown in Fig. S1(a). 
The CAD lattice geometries (STL) were meshed in Altair HyperWorks 
software 2023 using the shrink-wrap algorithm and 3D cubic hexahedral 
8-node elements with reduced integration (C3D8R). Element sizes of 
0.1, 0.125, 0.135, and 0.15 mm were used for the respective relative 
densities (12.5 %, 25 %, 37.5 % and 50 %), ensuring sufficient refine
ment relative to the wall thickness. Larger elements at higher relative 
densities reduced computational time while maintaining an approxi
mately constant number of elements through the wall thickness. The 
meshed domain was then imported into Abaqus for further model 
development. Analytical rigid surfaces were used to represent the upper 
and lower plates, reproducing the experimental setup.

The material properties of bulk annealed PBF-LB Ti6Al4V, listed in 
Table 1, were applied in the FE model. The quasi-static behavior of the 
bulk material, obtained from uniaxial tensile testing on dog-bone sam
ples, is shown in Fig. S1b). Damage initiation and damage evolution 
were modeled using the plastic strain-based Johnson-Cook model ( ε0

pl), 
available in Abaqus Explicit: 

εpl
0 = [D1 + D2exp(D3σ*) ][1 + D4ln(ε̇*) ][1 + D5T*]

where σ* is the stress triaxiality, ε̇* is the strain rate, T* is the homolo
gous temperature, and D1 to D5 are material constants. These constants, 
reported in Table 1, were adopted from [65], which was developed 
specifically for annealed PBF-LB Ti6Al4V. For quasi-static compression 
tests at room temperature, D4 and D5 were set to zero. Progressive failure 
was defined based on the fracture energy per unit area, Gf, which de
pends on the material fracture toughness and geometrical conditions (i. 
e., plane stress or plane strain). Its selection is discussed in the results 
section.

All degrees of freedom of the plates were constrained, except for the 
vertical translation of the upper plate along the Y-axis to impose the 
compression displacement. The boundary conditions were applied via 
reference points assigned to the rigid plates. Interactions, including self- 
contact even after element deletion due to damage evolution, were 

modeled using tangential contact behavior with a penalty formulation 
and a friction coefficient of 0.2 [66]. To achieve reasonable computa
tional efficiency, time scaling was applied by increasing the test speed to 
0.015 mm/s. The kinetic energy was monitored to ensure it remained a 
negligible fraction of the internal energy. Further details can be found in 
[67].

The model was developed to investigate the deformation behavior 
and the stress field, providing insights into the observed failure mech
anisms and identifying the critical locations leading to failure.

3. Results and discussions

3.1. Micro-CT scan

The actual geometry was reconstructed from micro-CT scans of the 
printed specimens at the various relative densities investigated. The 
primary objective was to assess the geometrical deviation of the printed 
parts from their original designs and to evaluate whether a dependency 
on the feature size exists as a function of design relative density. Addi
tionally, the micro-CT data were used to support the discussions on the 
failure mechanisms with different relative densities. The results are 
presented as 3D and frontal 3D renderings as well as diagrams quanti
fying the measured wall thickness and deviations between actual and as- 
designed geometries. Microporosity measurements were also per
formed, revealing that the optimized process parameters resulted in a 
microporosity level below the detection threshold of the micro-CT scans.

Fig. 2(a) shows the as-designed geometries of the investigated 
specimens at the various relative densities, while Fig. 2(b) reports the 
corresponding actual geometries; the colour maps represents the wall 
thickness. The actual geometry presents a non-uniform wall thickness 
across the specimens. However, part of this variation must not be 
addressed to the AM process as it originates from the design itself; as 
visible in Fig. 2(a), they are expected also in the as-designed specimens 
due to the outer borders (geometry boundaries). Fig. 2(c) reports a 
frontal view in which the variation in wall thickness caused solely by the 
printing process could be better appreciated. Small gradients in wall 
thickness appear between the ligaments, presenting a lower thickness 
than the intersections (notice the magnifications reported). This is more 
evident with higher relative densities. Overall, such variations are 
limited, as confirmed by the wall thickness histogram in Fig. 2(e). Dis
regarding the left tail of the frequency distribution, such variations 
probably contribute to the nearly symmetrical and narrow band around 
the mode value. The smaller wall thickness values constituting the left 
tail of the histogram, presenting also low frequencies, should correspond 
to the specimens’ borders, as visible in Fig. 2(a) and (b), where regions 
of lower thicknesses occur at the specimens’ borders. Fig. 2(d) shows a 
nominal-actual comparison through a frontal 3D rendering of deviations 
from the as-designed geometry. These images further prove that the 
larger wall thickness changes observed in Fig. 2(b) mainly stem from the 
as-designed geometry itself rather than the manufacturing process. 
Furthermore, the magnified views also reveal that most of the deviations 
are due to excess overhanging material on down-skin surfaces and to the 
typical roughness of AM components. Moreover, negative deviations, 
related to thinner regions, generally occur at the ligaments while posi
tive ones, related to thicker one, occur at the intersection, as confirmed 
by the deviation histogram in Fig. 2(e), which is approximately sym
metrical about the zero-deviation axis.

All the deviations recorded in the actual geometry resulted in 
different wall thickness and relative density between the as-designed 
and actual specimens, summarized in Table 2 (as regards the wall 
thickness, the mode value of its distribution is reported). Although all 
the analysed samples show an overall reduction in their wall thickness 
mode, the measured relative densities are higher than their as-designed 
values. The higher left tail of the wall thickness frequency distribution 
with respect to the as-designed one suggests that, although a lower 
relative density was probably achieved in the core of the specimen, the 

Table 1 
Physical and mechanical properties of PBF-LB Ti6Al4V.

Material property Unit Value Ref

Density g/cm3 4.42 [68]
Elastic modulus GPa 111 [68]
Poisson’s ratio – 0.3 [68]
Yield strength MPa 833 Current work
Ultimate tensile strength MPa 911 Current work
Elongation % 19.4 Current work
Material constant D1 – − 0.68 [65]
Material constant D2 – 0.73 [65]
Material constant D3 – − 0.25 [65]
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average value is severely affected by deviation at its outer surface. The 
largest discrepancy in relative density was observed in the sample with 
an as-designed value of 25 %; Fig. 2(d) reveals that the higher deviations 
occur at its bottom surface, supporting the assumption that the 
measured relative density is strongly influenced by border effects. 
Consequently, the measured the actual relative density may, in some 

cases, not be representative of the actual one in the core of the specimen.

3.2. Microstructural analysis

The microstructure of the produced samples in the plane perpen
dicular to the build direction (XY plane according to the ISO/ASTM 
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Fig. 2. (a) As-designed geometries; (b) micro-ct-based 3d reconstruction; (c) micro-ct-based frontal 3d reconstruction; (d) frontal 3d renderings showing actual vs as- 
design deviations colour map; (e) histograms of wall thickness for as-designed (top) and actual (middle) geometries and deviation (bottom) at different rela
tive densities.
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52,900 standard [69]) was investigated through SEM.
EBSD experiments were performed to investigate the grain distri

bution and size to assess possible anisotropic features and microstruc
tural differences between the two analysed conditions – i.e. ANN and 
ANN-HIP. Only the α-Ti phase was identified and indexed for the 
EBSD scans. The microstructure of the specimens is revealed by the 
building direction – inverse pole figure (BD-IPF) maps (Fig. 3). No sig
nificant variations were noticed between the ANN and ANN-HIP con
ditions, including the crystallographic texture (see Fig. S2), grain size 
distribution (see Fig. S3), and residual strain levels (through kernel 
average misorientation maps in Fig. S4). Furthermore, the porosity be
tween the edge and the central part of each strut did not show distinct 
differences for each single fabricated specimen. The microstructure of 
the fabricated specimens is relatively stable with regard to the applied 
treatments.

3.3. Quasi-static compressive behaviour

Fig. 4 reports the quasi-static compression behaviour of the speci
mens printed with different relative densities for both ANN (see Fig. 4 
(a)) and ANN-HIP (see Fig. 4(b)) conditions. Due to the complex ge
ometry of the coupon specimens studied, the definition of stress and 
strain considered for the quasi-static analysis in the present work follows 
the standard ISO-13314:2011 [62]. Specifically, the stress considered is 
the nominal stress, defined as σnominal = Load/Agross where Agross is the 
gross section of the specimens while the nominal strain is obtained by 
the overall compressive displacement divided by the initial specimen 
height.

As shown in Fig. 4(a) and(b), the first initial elastic response is fol
lowed by a long plateau before entering the densification stage char
acterized by a further increase in stress. The densification region is 

reached at different nominal strains depending on the relative density. 
Assuming no dimensional variations along the transverse directions, 
complete densification would be reached for lower global nominal strain 
values with increasing the relative density. Furthermore, the fluctua
tions in the plateau region would appear to be smaller with decreasing 
the specimen relative density. When normalizing the stress by the first 
peak value along the plateau region, as in Fig. 4(c) and(d), the overall 
behaviour at different relative densities is comparable once if consid
erations regarding the different maximum nominal strains to full 
densification are kept in mind. At each relative density a clear drop in 
the strength of about 50 % of the first peak stress occurs within similar 
nominal strain values. A closer look, in Fig. 4(e) and (f), reveals that the 
overall appearance of this strength drop depends on the relative density; 
at lower relative densities, the drop is gradual, while at the highest 
relative density (50 %) it appears abrupt. Such drops in strength in the 
plateau region have been observed both in bending-dominated and in 
stretching-dominated lattices [70–73]. Various phenomena can occur 
within the plateau region, such as elastic and inelastic buckling, plastic 
collapse, or strut/ligament fracture depending on various conditions 
[74].

A first interpretation could attribute the strength drop to buckling 
leading to the collapse of a single layer (or of cells along peculiar di
rections), to which a further increase in strength would follow. How
ever, the strength drops in this work also affect higher relative densities, 
where the lower slenderness would make the occurrence of buckling less 
likely. Furthermore, the characteristic trends observed do not agree well 
with such a phenomenon. Referring to other works specifically dealing 
with buckling [75,76], it can be observed that if buckling occurs, with 
increasing the strut/wall thickness, the drop in strength is lower and 
more gradual. Gumruk et al. [77] reported similar strength drops for 
both F2BCC and BCCZ lattices. In the latter, having struts aligned with 
the loading direction, clear drops can be seen in the stress vs strain 
curve; furthermore, such drops decrease with increasing the relative 
density and consequently the strut thickness, coherently with what 
stated above. The same trends also characterized F2BCC lattices despite 
the absence of struts along the building direction. Interestingly, in BCCZ 
lattices at very low relative density, the sudden drop reported by 
Gumruk et al. [77] happens right after the elastic region, suggesting 
elastic buckling since inelastic buckling is usually preceded by a devi
ation from the linearity as in [78]. The trends in the present work may 
agree with plastic buckling as the drops are preceded by a deviation 
from linearity. Nonetheless, given the dependencies observed with 
changing the relative density, other phenomena could play a role in this 
sudden drop in strength.

Table 2 
As-designed versus actual values of relative densities and wall thickness.

Relative density Wall Thickness (mode value)

As- 
designed

Actual Difference as- 
designed vs 
actual

As- 
designed

Actual Difference as- 
designed vs 
actual

[%] [%] [%] [μm] [μm] [%]

12.5 13.3 6.4 980 848 − 13.5
25 27.7 10.8 1350 1224 − 9.3
37.5 39.4 5.07 1700 1565 − 7.9
50 51.4 2.8 1997 1840 − 7.9

Fig. 3. BD-IPF maps of the specimens. (a–d) ANN conditions; (e–h) ANN-HIP conditions. Scale bar: 50 µm.
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Fig. 4. Stress–strain curves under compression at different relative densities for (a) ANN and (b) ANN-HIP conditions (Note that some curves have been made 
available in [92] to illustrate the relative density effect on the lattice static behaviour). Nominal stress normalized by the first peak stress vs nominal strain (shifted by 
the offset strain) for (c) ANN and (d) ANN-HIP, with magnification of the first strength drop for (e) ANN and (f) ANN-HIP.
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Let’s consider a simple bending-dominated strut-based cell like a 
body-centred cubic (BCC) one, as in [74]. For a fixed cell size, the same 
global strain value results in the same displacement at the nodes. The 
deformed shape of a beam depends on constraints and loading condi
tions. Assuming a model similar to [74], rotations at the strut’s end- 
sections and the deformed shape are the same regardless of the strut 
thickness. Under these assumptions, at the same global strain and cell 
size, being the deformed shape and its curvature the same, at a given 
section, larger struts would have higher maximum strains and stresses, 
being at higher distances from the neutral axis. Within the elastic 
regime, having assumed the curvature to be independent of the strut 
thickness, the stress would change with respect to the neutral axis ac
cording to the same law. In such a condition, plasticity happens in larger 
struts at lower global strains, considering that higher maximum stresses 
are reached. Adopting a simplified fracture criterion that would consider 
a maximum allowable value for strains, with higher thickness, such a 
value of strain triggering fracture is reached for lower values of the 
curvature, hence lower values of global strain. Conversely, thinner struts 
may experience plastic deformation and even contact with neighbouring 
struts before strains reach their allowable value to trigger fracture. In 
such a condition, struts would experience plasticity, but they would not 
experience fracture. Therefore, a plasticity vs fracture-dominated 
behaviour in the plateau region should depend only on the ratio be
tween strut thickness and cell size (indirectly related to the slenderness 
of the struts) and on material ductility. Although such a model is handy 
to provide a general idea of some possible behaviour in the plateau re
gion, it is affected by serious limitations, among which the fact that 
beam theory should not be applied if beams are not slender enough, 
especially when dealing with TPMS structures where ligaments have 
continuous variation in size.

A more plausible explanation for the observed trends in this work 
would involve both plasticity and fracture. As relative density decreases, 
higher global strains are required to reach the critical condition for the 
strength drop, and a larger fraction of the ligament cross-section can 
experience plasticity. Although plasticity is assumed to occur at all 
relative densities, at higher strut/wall thickness, conditions for fracture 
could be met before a substantial fraction of the section reaches plas
ticity; this results in a more brittle appearance. Moreover, as the relative 
density decreases, conditions for applying linear-elastic fracture me
chanics should not be considered valid; an elastic–plastic fracture 
mechanism is more reasonable for the observed experimental results at 
lower relative densities assuming that extensive yielding occurs. Such a 
change in brittleness has also been documented by Choy et al. [79] who 
reported signs of ductile fracture with decreasing the relative density 
and hence the strut thickness. With a strut/wall thickness low enough, 
conditions for a plastic hinge could be achieved, resulting in a plateau 
not affected by fracture; such a condition can be found in the work of 
Maskery et al. [80]. In their work, a similar strength drop in aluminium 
alloy lattices has been observed when dealing with as-built conditions. 
In their case, heat treatments resulting in a significant increase in the 
strain at break [81] were identified as a solution to avoid such a drop in 
strength thanks to improved ductility. However, Maskery et al. [80] 
considered a strut/wall thickness significantly lower together with a 
slender strut with respect to other works involving titanium alloys that 
consistently report a plateau affected by severe fluctuations also for 
bending-dominated structures [20,71,72,82]. The influence of the strut/ 
wall thickness and slenderness is also evident in the work of Bai et al 
[83]. Investigating BCC structures in a wider range of ratios between 
strut thickness and cell size, they demonstrated that a plateau without 
fluctuations in strength can be achieved with increasing slenderness. 
Further proof of the influence given by the ductility of the material on 
the fluctuations within the plateau region could be found in the work of 
Xiao et al. [84]; in their work, the drops in strength within the plateau 
region decrease with increasing test temperature, a trend that could be 
explained through the increased ductility with higher temperatures. In 
those cases that have buckling as the source of drops in strength, due to 

the fact that its critical conditions directly depend on the Young 
modulus, there could be a chance to have its effect even at elevated 
temperatures; an example can be found in the work of Wei et al. [85]. 
This also means that, if buckling is the source of the drop in strength 
within the plateau region, heat treatments aimed at improving the 
ductility may not provide significant changes. To further strengthen the 
considerations regarding the role of ductility, a comparison with the 
trends observed in some works investigating 316L lattice is useful 
[77,86–91]. In 316L lattices, regardless of the strut/wall thickness, the 
plateau regions, even in as-built conditions, show much smoother 
behaviour than those typical of titanium alloys. The difference can be 
linked to the higher elongation at break of 316L steel compared to 
Ti6Al4V.

The nominal stress–strain curves, shown in Fig. 4, allow for deter
mining the quasi-static mechanical properties of these components ac
cording to ISO-13314:2011 [62]. An example of the analysis performed 
and the results for the entire experimental campaign are summarized in 
Fig. 5 (The results are also provided in Table S1).

One objective of this study is to investigate how the relative density 
affects the mechanical behaviour of solid-based gyroid lattices. In this 
regard, stiffness and yield strength of the lattice structures can be related 
to the relative density according to the Gibson-Ashby model [3,93]: 

E
Ebulk

= C1⋅
(

ρ
ρs

)n 

σ0.2

σ0.2,bulk
= C2⋅

(
ρ

ρbulk

)m 

where Ebulk and σ0.2,bulk are the elastic modulus and yield strength of the 
bulk material, while Ci and n and m are constants dependent on the unit 
cell geometry [2,83].

Since experimental data for Ebulk and σ0.2,bulk were not available for 
both the conditions investigated, the Gibson-Ashby model was fitted by 
considering such unknowns into the constants Ci. In such a way the 
constants n and m were determined; their values are consistent with the 
theoretical ones for bending-dominated structures (with the theoretical 
values being 1.5 for the yield strength and 2 for the stiffness [2]).

Fig. 6 compares the yield strength results with data available in the 
literature. The difference in terms of yield strength with respect to 
specimens in AB conditions increases with increasing relative density. 
Moreover, specimens in AB conditions appear to follow a clear trend 
with changing the relative density, whereas the data for post-processed 
specimens exhibit a higher scatter. The collected data were fitted using 
Gibson-Ashby-like power laws, distinguishing according to the unit cell 
categories (TPMS vs strut-based lattices). The curves were obtained 
excluding the data for FFCm unit-cell geometry by Alana et al. [20] 
(marker: × ) and the solid-based gyroid by Mahmoud et al. [94] 
(marker: ◇), which clearly follow different behaviours. The possible 
reasons for these discrepancies are discussed in section 3.4. The fitting 
provided includes both bending and stretching-dominated unit-cells 
which are expected to follow different behaviours; the lack of sufficient 
data did not allow for distinguishing them in the present analysis. The 
fitted curves must be hence intended solely as indicative 
representations.

The numerical and experimental nominal stress–strain curves of the 
lattice structures in ANN conditions are shown in Fig. 7. The numerical 
results are presented for different fracture toughness values (Kc) of the 
bulk material. Good agreement is observed between the experimental 
and numerical compressive strengths (or peak stress) with a maximum 
deviation of about 5 % for the lattice with 50 % relative density, rep
resenting a first validation of the proposed FE model. The slight 
discrepancy in compressive strength can be attributed, among other 
factors, to the assumption of using the as-designed geometry, which can 
show some local geometrical deviations from the actual manufactured 
geometry (a comparison between experimental results and numerical 
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simulations performed on both the as-designed and micro-CT- 
reconstructed geometry is presented in Fig. S5). The compressive 
strength is independent of the selected fracture toughness value. The 
model overestimated the stiffness by about 60–80 % compared to the 
experimental data. This discrepancy likely arises from geometrical de
viations between the designed and the as-built structures, and from 

neglecting surface and bulk defects in the FE model.
The stress fluctuations in the plateau region stem from the layer-wise 

collapse of the lattice structure (see Fig. 8) and they strongly depend on 
the fracture toughness of the bulk material. Crack propagation and 
damage evolution in the considered model are governed by the fracture 
toughness (Kc) and fracture energy (Gf) of the material, related in linear 

Fig. 5. (I) and (II): Quasi-static mechanical properties according to ISO-13314:2011[62]. Mean values with error bars for ANN (red) and ANN-HIP (green) conditions 
of: (a) yield stress (0.2 % offset) and Gibson-Ashby fitted curves; (b) first local stress peak; (c) plateau stress evaluated between 0.2 and 0.3 nominal strain;(d) plateau 
stress evaluated between 0.2 and 0.4 nominal strain; (e) quasi-elastic gradient and Gibson-Ashby fitted curves; (f) energy absorption up to 0.5 nominal straina; (g) 
energy absorption efficiency up to 0.5 nominal strain (defined as the ratio of the absorbed energy to the product of the strain range and the maximum compressive 
stress within the strain range); (h) energy absorption up to plateau end strain (defined as the strain at 1.3 the first peak stress); (i) energy absorption efficiency up to 
plateau end; (l) strain at the plateau end.
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elastic fracture mechanics as Gf = Kc
2

Eʹ , where Eʹ = E for plane stress and 
Eʹ = E

1− ν2 for plane strain conditions. Thus, Gf was calculated from Kc. 
Mode I plane strain fracture toughness value of about 50 MPa

̅̅̅̅
m

√
, re

ported for annealed PBF-LB Ti6Al4V [101] has been considered as a first 
estimation. This value led to a much more brittle plateau behavior than 
expected, as shown in Fig. 7(a) and(d). Increasing the fracture toughness 
reduced the amplitude of stress fluctuations and produced better 
agreement with the experimental behavior (see Fig. 7(a),(c) and(d)). 
Based on the first stress drop in the plateau region, fracture toughness 
values of about 75–85 MPa

̅̅̅̅
m

√
best describes the deformation behavior 

of the lattices with 12.5 % and 25 % relative density, while the higher 
fracture toughness of about 85–95 MPa

̅̅̅̅
m

√
better match higher relative 

densities (37.5 % and 50 %). The slightly lower fracture toughness at 
lower densities likely results from greater deviations in wall thicknesses 
(see Table 2). Subsequent stress fluctuations do not fully match the 
experimental results. The discrepancies between the fracture toughness 
values yielding the best numerical-experimental agreement and the 
literature value (50 MPa

̅̅̅̅
m

√
in [101]) likely stem from the model’s 

assumption of a linear-elastic fracture mechanism, whereas the observed 
experimental results suggest an elastic–plastic fracture mechanism. 
Applying limiting conditions derived from linear elastic fracture me
chanics (LEFM) to an elastic–plastic fracture process can lead to 
apparently higher fracture toughness values. Ideally, a more accurate 
approach would involve a model incorporating elastic–plastic fracture 
mechanics (EPFM) and using limiting conditions derived from it. How
ever, to the best of the authors’ knowledge, models of this type 
− specifically tailored for lattices and capable of capturing both the 
linear-elastic response and the densification phase- are not yet available. 
Likewise, studies addressing elastic–plastic fracture behavior and 
providing the chance to evaluate the limiting condition for model cali
bration are currently lacking. Consequently, the fracture toughness 
value that yielded the best numerical-experimental agreement should 
not be regarded as a rigorous material property. Rather, it represents an 
apparent fracture toughness, serving as a practical parameter to 
compensate for the difference between the assumed (linear-elastic) and 
the actual (elastic–plastic) fracture mechanisms governing the plateau 
region. Furthermore, additional model simplifications may also 
contribute to the observed discrepancies. In particular, the assumption 
of a uniform fracture energy for all loading modes (I, II, and III), as well 
as neglecting anisotropy in damage initiation and propagation, could 
play a role.

3.4. Fatigue behaviour

Compression-compression fatigue tests were performed at a load 
ratio of 0.1 for the various relative densities and post-processing con
ditions considered. Fig. 9 reports the achieved results, showing the effect 
of the relative density in terms of nominal stress, as-designed effective 
stress and actual effective stress, while further analysed data are shown 
in Fig. 10. Finally, Figs. 11 and 12 present a comparison with literature 
data (complete database available in Tables S2− S5).

Relying on the statistical evaluation in Table 3, the highest difference 
between ANN and ANN-HIP specimens can be observed in the set having 
12.5 % relative density, where ANN specimens slightly outperformed 
ANN-HIP ones at lower loads.

Grain size measurements and BD-IPF maps (see Section 3.2) achieved 
from metallographic analysis revealed a similar microstructure for both 
ANN and ANN-HIP components, explaining the overall negligible dif
ferences in fatigue behaviour across the post-treatment conditions 
analysed. However, this microstructural similarity alone could appear 
insufficient to justify the comparable fatigue performance observed. 
Typically, HIP treatment improvements in fatigue properties are usually 
expected due to both microstructural changes and reduced internal 
porosity. In this study, however, even the ANN specimens exhibited very 
low microporosity due to optimized process parameters; du Plessis et al. 
[50] also reported negligible microporosity for these process parame
ters. Additionally, the component geometry and loading conditions 
result in a stress state more critical at surface locations reducing the 
influence of internal microporosity.

Although the amount of β phase observed experimentally was 
limited, many studies report an α+β microstructure resulting from ANN 
and/or HIP treatments. Several works attribute the improvement in fa
tigue behaviour after HIP mainly to this microstructural change [46]. 
Typically, the ά  martensitic phase of AB samples [37,98,102] transforms 
into the more ductile α+β phase although such a change is usually 
accompanied by grain coarsening [99,103]. Considering that low 
microporosity can already be achieved through optimized process pa
rameters [50], other post-treatments may be regarded as competitive in 
the case of lattices. Hooreweder et al. [46], for instance, reported 
comparable fatigue performance for SR and HIP specimens; this result 
has been explained mainly with the change in microstructure from the ά  
martensitic phase of AB samples to the α+β phase for both SR and HIPed 
conditions. Hooreweder et al. [46] deemed as negligible the possible 
influence of residual stresses in lattices due to the struts’ freedom to 

Fig. 6. Nominal yield strength vs as-design relative density including literature data [11,19,20,22,46,55,94–100] with Gibson-Ashby curves fitted for different unit- 
cell type (TPMS vs Strut-based). Due to the limited data and the high variability in parameters typical for AM, these curves must be intended as indicative 
representations.
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deform. Nonetheless, literature presents some apparently contradictory 
findings regarding the residual stress effect in lattices. Ahmadi et al. 
[96], for example, investigated various heat treatments and found 
improved fatigue performance which was mainly attributed to a 
decrease in residual stress. Moreover, it is worth mentioning the work of 
Krijger et al. [22] that evaluated the effect of loading ratio on the 
compressive-compressive fatigue behaviour. Their fatigue data can be 
summarized in terms of stress amplitude with a relatively low scatter in 
the results; this is similar to the case of welded joints in which the effect 
of mean stress is disregarded due to high residual stresses [104]. Similar 
considerations can also be found in [29].

Relying on the dataset reported in Fig. 11 b, specific cases reveal 
significant improvements after HIP treatment as those in [20] (note the 
data at ρ = 0.2, marker: X) – however, these improvements are obtained 
with respect to an AB condition that did not undergo any heat-treatment 
hence not weakening the hypothesis that cheaper post-treatments can 
yield effects comparable to HIP-. Across the full dataset from the liter
ature, the benefits of heat treatments appear marginal compared to 
those achievable by varying on the unit-cell type. In particular, strut- 
based and gyroids lattices, regardless of post-treatment conditions, 
clearly follow distinct trends and form separate data clusters. 

Interestingly, certain unit cell designs, such as the FFCm cell (marker: X) 
by Alana et al. [20], though strut-based, show fatigue performance 
within the cluster referable to gyroids. Conversely, the solid-based 
gyroid investigated by Mahmoud et al. [94] (marker: ◇) falls within 
the cluster referable to strut-based lattices. As discussed later in this 
section, these deviations could be attributed to notable differences in 
strut/ligament thickness compared to other samples of the same type, 
suggesting potentials for fatigue strength improvements by acting on 
this parameter.

Dealing with lattices tested in tensile conditions (Fig. 11(c) and(d)), 
HIP seems to induce a significant increase in fatigue properties 
compared to the as-built, no stress-relieved condition. Moreover, the 
collected literature data indicate that the influence of unit cell geometry 
– specifically strut-based vs. TPMS structures – under tensile loading 
differs from that observed under compression-compression conditions. 
However, these outcomes may be influenced by the testing conditions. 
The design of tensile test specimens still represents an open debate [2] 
with several issue related, but not limited, to: the specimen geometry – 
in [19,97] different solutions were considered-; the achievement of a 
proper stress state in the lattices zone; the need for solid regions for 
clamping with potential failure between the solid and the lattice part of 

Fig. 7. Comparison of experimental and numerical nominal stress–strain curves for lattice in ANN condition with as-designed relative densities of (a) 12.5 % (b) 25 % 
(c) 37.5 % (d) 50 %. Legends values indicate fracture toughness. Numerical results are shifted along the strain axis by the experimental εoffset.
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the specimen; possible secondary bending effects due to distortion in the 
built specimens. In tensile tests, the normalized fatigue strength may 
help account for these influences on the fatigue response; as shown in 
Fig. 11 c-III and d-III, the improvement in fatigue properties due to HIP 
appear more limited when normalized.

Considering the two post-treatments analysed in this work, the slight 
differences noticed could be deemed as not significant, given the typical 
scatter in results of fatigue data. As shown in Table 3, the scatter in the 
results, for ANN and ANN-HIP together at equal design relative density, 
is quite low – at most 1.17 (P.S. 10 % and P.S. 90 %) – which is, of course, 
reflective of a larger amount of data but also of the limited difference 
between the two data sets. Therefore, the effect of relative density will 
be discussed considering the two sets of fatigue data together.

Considering the nominal stress values (Fig. 9I), which correspond to 
assuming the lattice structure as a metamaterial, the relative density 
effect on the overall mechanical behaviour is evident, having the spec
imens with ρ = 12.5% a fatigue strength as low as the 5 % of that at ρ =

50%. A comparison with literature data, provided in Fig. 11 b-I, reveals 
that gyroids generally outperform strut-based unit cell lattices.

Evaluating the results using the as-designed effective stress value 
does not improve the correlation of fatigue data across different relative 

densities. Although the variation among relative densities is reduced 
(taking ρ = 50% as reference, the fatigue strength in terms of effective 
stress range decreases by ∼30 %, ∼ 56 % and ∼80 % for 37.5 %, 25 % 
and 12.5 % relative density, respectively) this approach does not yield a 
consistent correlation for the present unit cell design. Nonetheless, 
within a similar range of relative densities, Xu et al. [18] were able to 
significantly reduce the scatter in fatigue results for IN718 sheet-based 
gyroids. Conversely, referring to the broader literature fatigue dataset 
in Fig. 11 b-II, the effective stress still leaves a non-negligible depen
dence of the fatigue strength on the relative density, regardless of the 
unit cell geometry, manufacturing process, or post-treatment state. A 
similar situation is observed for lattices tested under tensile conditions 
in Fig. 11 d-II.

There is a need to have a methodology to account for the fatigue 
behaviour of lattices as relative density varies. Considering the results in 
Fig. 11 b-II and d-II, the use of effective stress alone should not be 
regarded as a valuable solution for this purpose. However, the effective 
stress can come in handy for evaluating how efficiently the bulk material 
properties are exploited. Dividing the nominal stress by the relative 
density means to account for the loss in strength attributable solely to 
the reduced amount of material. Practically, a constant effective stress 
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Fig. 8. Von-Mises stress and equivalent plastic strain (PEEQ) maps at the first peak stress and subsequent stress drop for lattices with 12.5% and 50% relative density, 
shown in two orthogonal views (XY and YZ), showing layer collapse.
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Fig. 9. (I) Maximum nominal stress vs number of cycles to failure (II) as-designed effective maximum stress vs number of cycles to failure and (III) actual effective 
maximum stress vs number of cycles to failure for: (a) all relative densities; (b) ρ = 12.5 %, (c) ρ = 25 %; (d) ρ = 37.5 %; (e)ρ = 50 %.
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across different relative densities would indicate that the decrease in 
strength is fully explainable by the reduction in material. Conversely, a 
decrease in effective stress with decreasing the relative density – as 
observed in this work and in the literature data – implies that the bulk 
material mechanical properties capabilities are progressively less 
exploited. For example, if the purpose of a lattice component is a 
lightweight design, selecting lower relative densities may lead to the 
opposite outcome. Designing a simple component, such as the coupon 
specimens in this work, to sustain a given external load, the final design 
would result in a heavier lattice component with decreasing relative 
densities according to the observed trends. This conclusion holds true 
mainly for simple components such as the lattice specimens tested in this 
work; in real applications, lattices also enable tailoring metamaterials 
with mechanical properties that would not be achievable otherwise. 
Moreover, in real components, relative density can also be varied 
spatially according to the stress field due to the global geometry helping 
to reduce both stress concentrations and the overall weight of the 
designed part while maintaining a sufficient degree of safety.

An alternative approach to account for relative density is to use the 
normalized stress; it aims to indirectly account for effects of factors such 
as material, microstructure, relative density and deviation from the as- 
designed geometry [11]. The experimental data summarized using this 
approach are reported in Fig. 10 a) for ANN and ANN-HIP conditions 
and in Fig. 10(b) for the combined data sets; detailed values are pro
vided in Table 3.

As observed, the data summarised according to the maximum stress 
normalized through the yield strength at different relative densities can 
be represented by a unique fatigue master curve having a scatter index of 
1.97 (P.S. 10 % and P.S. 90 %) regardless of post-treatment conditions or 
relative densities of the specimens. Although the normalized stress 
provides a practical and easy-to-use solution for design purposes, Fig. 11
b-III indicates that fatigue strength in terms of normalized stress still 
appears to depend on relative density. Such an outcome can also be 
observed by comparing Fig. 11 b-I and Fig. 6 for gyroid lattices: nominal 
yield stress and the nominal fatigue strength vary according to different 
relationships – reported in these figures – with the relative density. 
Given the high variability in unit-cell design and process parameters 
across the data retrieved from literature, these curves should be inten
ded only as indicative and aid for the present discussion. Nevertheless, 
the dependence of the ratio on relative density is clearly visible in Fig. 11
b-III. Furthermore, referring to Fig. 12, in the assumption that the 
normalized stress is able to account for the change in relative density of 
lattices, the fatigue strength (reported as maximum stress at 106 cycles) 
vs the yield strength would follow a linear relationship through the axis 

origin, with the normalized fatigue strength being the slope of this line. 
Although a linear relationship seems reasonable, the scatter in fatigue 
results in Fig. 11 a-III for the AB condition (red markers) suggests 
otherwise. Literature confirms that the accuracy of this approach varies 
among different works and depends also on the unit cell type considered 
[20–24]. Although the yield strength is often seen in literature as a 
valuable solution to account for the relative density effect, the fatigue 
properties are far more affected by surface roughness, unlike the quasi- 
static ones. This influence may be particularly significant for those lat
tices, such as TPMS, which feature continuous transition zones and are 
consequently more affected by surface roughness than strut-based lat
tices, where notch-like features are commonly localized at the strut 
junctions. This distinction can be clearly observed in Fig. 11 b-III 
referring to the various cell types reported.

In this regard, an influence can be observed on the inverse slope, k, of 
the fatigue curves in Table 3. k increases with the relative density 
resulting in a flatter fatigue response – an observation consistent with 
the findings of Xu et al. [18] for sheet-based IN718 gyroids. Referring 
again to the fatigue results in Fig. 11(b), two distinct fatigue behaviours 
can be identified for strut-based and gyroid lattices, neglecting a few 
exceptions (see results by [20], marked as ×, and by [94], marked as ◇). 
This difference can somehow be explained considering the main dif
ference between these lattice types. Unlike strut-based structures, TPMS 
lattices feature continuous curved surfaces, ensuring the lack of nodes or 
curvature-discontinuity with a consequent reduction of stress concen
trations. However, in the absence of sharp geometrical discontinuities, 
surface roughness assumes a more prominent role in the fatigue 
behaviour of TPMS structures. The dependency of the inverse slope, k, 
on relative density can be interpreted considering the ratio between 
surface roughness and ligament/wall thickness together with the trends 
of notched geometries [105]. Assuming that surface roughness param
eters remain constant with varying the lattice relative density, 
increasing the relative density by acting on the ligament/wall thickness 
resembles a notch with a constant notch depth and an increasing liga
ment length. This leads to lower criticalities with increasing the relative 
density in lattice components by acting on the ligament/wall thickness. 
This interpretation aligns with the usual trends for notched components: 
keeping constant the load and simplifying the surface roughness as a 
notch having a constant depth (i.e., notch length), increasing the liga
ment length leads to lower gross stress concentration factors. In case 
yielding occurs, with the assumption of the surface roughness as micro 
notches, possible changes in the inverse slope of the SN curve would be 
expected; this appears consistent with the steeper curves observed at 
lower relative density in this study. The extent of this variation depends 

Fig. 10. Summary of fatigue test data showing normalized stress vs number of cycles to failure for: (a) ANN and ANN-HIP conditions analysed separately; (b) ANN 
and ANN-HIP conditions combined.
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Fig. 11. Summary of Ti6Al4V fatigue data from this work and literature [11,19,20,22,46,55,94–100] at a load ratio of 0.1 (both in tension and compression) 
presented using: (I) nominal stress; (II) effective stress and (III) normalized stress. For each approach it is reported: (a) & (c) stress vs number of cycle to failure; (b) & 
(d) fatigue strength at 106 cycles vs relative density. (e) Inverse slope of the fatigue curves vs relative density derived by interpolating Basquin-like equations (Notes: 
since effective and normalized stresses are derived from the nominal one through a multiplying factor, the inverse slopes coincide in the various approaches; Due to 
limited data and high variability in parameters typical of AM, the Gibson-Ashby fitted curves must be intended as indicative representations).
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on the yielding of material around the notch head. In such cases, plastic 
deformation can cause a larger difference between the fatigue notch 
factor and the elastic stress concentration factor. This means that, in case 
of yielding, the extent of fatigue strength variation as a function of 
roughness to thickness ratio can be lower than expected.

While this explanation provides a sound rationale for the results 
obtained in this study and in Xu et al. [18] for IN718 sheet-based 
gyroids, the results reported by Kelly et al. [19] (see sheet-based 

gyroids in Fig. 11 e-I and e-II) appear to weaken this interpretation. 
However, the results in [19] were tested in AB conditions, unlike those 
in the present work. In AB conditions, it would be reasonable to expect 
higher notch sensitivity leading to a lower dependency of the inverse 
slope on the roughness/thickness ratio and, indirectly, on relative den
sity. Moreover, since the specimens in [19] were in AB condition and not 
stress-relieved, residual stresses may have influenced the differences 
with the results in the present work.

Fig. 12. Maximum nominal stress at 106 cycles vs yield strength. Data from literature [11,19,20,22,46,55,94–100].

Table 3 
Fatigue properties for the different relative densities and post-processing conditions according to effective and normalized stress.

Approach ρ Post-processing 
conditions

P.S. 90 % 
[MPa]

P.S. 50 % 
[MPa]

P.S. 10 % 
[MPa]

Scatterindex[ − ] k 
[ − ]

C 
[

Cycles
MPa− k

]
%*

σmax,effective = Load/(ρ • Section) 12.5 
%

ANN 42.44 43.72 45.04 1.06 4.65 1013.92 − 80
ANN-HIP 35.20 39.04 43.30 1.23 4.21 1013.01 − 83
Both sets 38.24 41.42 44.88 1.17 4.42 1013.46 − 81

25 % ANN 91.01 97.08 103.57 1.14 5.52 1017.27 − 55
ANN-HIP 94.29 97.16 100.12 1.06 5.53 1017.30 − 58
Both sets 93.97 97.12 100.37 1.07 5.53 1017.28 − 56

37.5 
%

ANN 138.45 153.65 170.52 1.23 6.81 1021.20 − 29
ANN-HIP 147.06 157.54 168.76 1.15 6.92 1021.51 − 32
Both sets 146.28 155.60 165.51 1.13 6.87 1021.35 − 30

50 % ANN 197.28 215.67 235.77 1.20 7.23 1023.16 Ref**
ANN-HIP 209.47 231.35 255.51 1.22 8.32 1025.97 Ref**
Both sets 204.88 221.41 239.28 1.17 7.61 1024.14 Ref**

σmax,actualeffective =

Load/(ρactual • Section)
13.3 
%

ANN 39.89 41.09 42.33 1.06 4.65 1013.80 − 80
ANN-HIP 33.08 36.69 40.69 1.23 4.21 1012.89 − 84
Both sets 35.94 38.93 42.18 1.17 4.42 1013.34 − 82

27.7 
%

ANN 82.14 87.62 93.47 1.14 5.52 1017.02 − 58
ANN-HIP 85.1 87.69 90.36 1.06 5.53 1017.05 − 61
Both sets 84.81 87.65 84.81 1.07 5.53 1017.04 − 59

39.4 
%

ANN 131.78 146.24 162.3 1.23 6.81 1021.05 − 30
ANN-HIP 139.97 149.94 160.62 1.15 6.92 1021.36 − 33
Both sets 139.23 148.09 157.52 1.13 6.87 1021.20 − 31

51.4 
%

ANN 191.91 209.80 229.35 1.20 7.23 1023.08 Ref**
ANN-HIP 203.77 225.05 248.55 1.22 8.32 1025.87 Ref**
Both sets 199.30 215.38 232.76 1.17 7.61 1024.05 Ref**

​ ​ ​ [ − ] [ − ] [ − ] [ − ] [ − ] [Cycles] ​

σmax,nom/σy All ANN 0.21 0.31 0.46 2.24 4.22 104.16 ​
ANN-HIP 0.21 0.30 0.42 1.97 4.49 103.96 ​
Both sets 0.22 0.30 0.43 1.97 4.32 104.07 ​

* Reduction in fatigue strength at 2 × 106 compared to the **reference case (Ref).
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Higher inverse slopes after heat-treatment or HIP are also exhibited 
by some strut-based unit cells. These results, together with the results of 
Hooreweder et al. [46], who investigated the effect of chemical etching 
on the fatigue behaviour of diamond unit-cell lattice, suggest that the 
explanations discussed above may also be extended to this kind of unit 
cells. Nonetheless, due to the limited data available at different relative 
densities (see green, blue and pink diamond markers in Fig. 11 e-I 
compared with the red ones) and the relatively small difference in in
verse slope, general conclusions cannot yet be drawn. Because strut- 
based lattices are characterized by severe notches at the node in
tersections, surface roughness should not be expected to have as strong 
an effect as in TPMS. Indeed, in the results by Ahmadi et al. [96], 
negligible effects on the fatigue behaviour can be observed after surface 
treatments such as sandblasting and chemical etching; this could be 
interpreted as evidence of the dominant influence of severe notches at 
the node intersection on strut-based lattices. Some literature results in 
literature – such as those of Wu et al. [100] (Cuboctahedron in Fig. 11, 
marker: ) or of Alana et al. [20] (marker: ×) – show trends that do not 
agree with the explanation above. Comparing the unit cell geometry 
studied in [20] and the one in [100], a possible explanation can be 
obtained: although the cell sizes in these two works are almost the same, 
the design adopted by Alana et al. [20], with fewer struts per cell, 
resulted in significantly thicker struts than those in [100]. A similar 
consideration applies to the results of Mahmoud et al. [94], whose solid- 
based gyroids, at the chosen relative density and cell size, had ligament 
thickness of 200μm and 400μm, substantially smaller than those in the 
present study. Consequently, at the same relative density, the strut/ 
ligament thicknesses of the lattices among [94] and this work are not 
directly comparable which may partly explain the apparent different 
trends found in [94]. Although A quantitative analysis was not per
formed by the authors due to lack of appropriate data, the consistency in 
trends across other literature data may also be attributed to similar strut 
thicknesses between different unit cell type at comparable relative 
densities. Therefore, the investigation of the fatigue behaviour of those 
lattice cells would still be incomplete having overlooked the possible 
combinations of parameters leading to the same relative density.

From the above discussion, it becomes clear that interpreting the 
fatigue behaviour of lattice components solely in terms of relative 
density and unit cell type limits the observation to the single tiles of a 
much more complex mosaic. By doing so, apparently contradictory 
outcomes or outlier results easily arise from the literature (see results by 
Wu et al. [100] and Alana et al. [20] as an example) despite suitable 
explanations can be found by just widening the set of parameters 
involved. Alongside the relative density and the unit cell geometry, the 
strut thickness, surface roughness and microstructure cannot be over
looked to fully understand and foresee the fatigue behaviour of lattice 
components and hence exploit their capabilities.

The literature data retrieved and analysed in this work did not pro
vide the level of detail required to explore the applicability of local 
approaches, which have the potential to overcome some of the limita
tions inherent to global approaches. Nevertheless, local approaches, 
relying on a unique fatigue curve, do not allow for a direct evaluation of 
the design quality. For instance, assuming local approaches capable of 
fully predicting the fatigue behaviour of lattice structures, the fatigue 
data analysed in this work would collapse onto a single fatigue curve 
dependent solely on the post-treatment condition. Consequently, the 
considerations done regarding the bulk material properties exploitation 
could not have been directly evaluated. Ideally, the two methodologies 
should be integrated: local approaches could be employed to assess fa
tigue behaviour based on the bulk material properties, while global 
approaches – such as the effective stress – could be used to rank and 
compare different lattice designs. However, local approaches may also 
present intrinsic limitations. They were originally derived and formal
ized for conventionally manufactured components whose dimensions 
are significantly larger than microstructural features. Experimental ev
idence on conventionally manufactured materials has shown that, 

depending on the ratio between component dimensions and micro
structural features, the material may exhibit distinct fatigue behaviours. 
Consequently, lattice structures – characterized by a low ratio between 
geometrical and microstructural features- may behave differently from 
larger-scale components on which local approaches have been exten
sively validated, potentially limiting the applicability of such ap
proaches to lattices [2]. Therefore, although the use of local approaches 
for lattice components remains promising, they may still fail to account 
for all the relevant influencing factors within a unifying fatigue design 
approach.

3.5. Fatigue failure assessment

The tested specimens were investigated using SEM analysis. Different 
failure mechanisms were expected depending on both the relative 
density and the post-treatment conditions.

As regards the post-treatments, several aspects deserve consider
ation; in general, possible signs of their influence on the fatigue 
behaviour must be expected due to both microstructural and internal 
porosity changes. As reported by Yu et al. [106], post-processing treat
ments can improve fatigue performance by increasing the threshold for 
crack growth and improving the fatigue crack growth properties. 
Additionally, the reduction in internal porosity achievable through HIP 
treatment could decrease the number of potential fatigue crack initia
tion sites, thereby improving the fatigue performance. Based on these 
observations, beneficial effects should be expected for both specimen 
sets; in ANN specimens, they should be mainly attributed to micro
structural changes, while in the HIPed ones, a synergistic action of both 
microstructural change and internal porosity reduction is likely. 
Notably, working on HIPed specimens, Yu et al. [106] reported im
provements dominated by the variation in internal porosity, while Alana 
et al. [20] observed influences dominated by the microstructural 
change.

Concerning possible beneficial effects arising from a change in the 
microporosity, the process parameters used in this work have been 
thoroughly analysed by du Plessis et al. [50]. For the same scan speed, 
hatch spacing, hatch strategy, and layer thickness, they observed 
negligible microporosity in stress-relieved specimens realized with laser 
power values between 200 W and 300 W. Therefore, the process pa
rameters used in the present work are expected to yield very low 
microporosity even in the as-built conditions; consequently, the addi
tional benefits of HIP treatment due to reducing the microporosity may 
only act to a limited extent. Thus, any remaining differences in fatigue 
behaviour between ANN and ANN-HIPed specimens must originate from 
microstructural variations. However, as shown in section 3.2, the mi
crostructures of ANN and HIP specimens are comparable in terms of 
grain size, phase constitution, and directionality. This similarity, com
bined with the absence of noticeable differences in microporosity, ex
plains the lack of significant variation in fatigue performance observed 
experimentally when the relative density is held constant. This 
strengthens the consideration that, in lattices, the combination of opti
mized process parameters, yielding minimal microporosity, with post- 
treatments that lead to a similar microstructure is already sufficient to 
achieve beneficial effects equivalent to those of HIP treatment.

The conducted analysis provides valuable insights into the locations 
and mechanisms of crack initiation leading to failure. As shown in 
Fig. 13, which reports SEM images acquired on interrupted fatigue tests, 
fatigue crack initiation usually occurred in the higher stressed regions, 
specifically at micro-notches formed by the characteristic surface 
roughness of the AM component. The influence of these micro-notches is 
further confirmed by the presence of multiple cracks initiating within 
the same highly stressed region (see the magnified image of the 37.5 % 
relative density specimen in Fig. 13). These cracks propagated vertically 
and originated from several locations, on both the upskin and downskin 
surfaces. Eventually, they led the entire specimens to fail in a diagonal 
shear pattern.
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The complex geometry of lattice structures induces stress gradients, 
with higher stresses at the outer surfaces, making relevant not only the 
size, but also the location of pores. A pore large enough to potentially 
trigger fatigue failure was revealed by the post-mortem analysis; how
ever, as shown in Figure S 6, the fatigue crack initiated at the outer 

surface. Therefore, even in the presence of non-negligible micro- 
porosity, its location in a lower-stressed region reduces the possible 
detrimental effect on the fatigue behaviour.

Considering the discussions above, sub-surface defects could be of 
particular interest since, if not open to the free surface, they are usually 
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Fig. 13. SEM images of global fracture patterns from interrupted tests showing fatigue crack initiation sites and their correlation with numerical stress analysis.

Fig. 14. Fatigue fracture analysis showing the final condition of the investigated specimens after reaching 20 % of global strain.
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reduced in size by HIP treatment [107]. To assess their possible influ
ence, failure initiation zones were carefully examined to determine 
whether such defects were present at the crack initiation sites.

Through SEM analysis, in all cases investigated, crack initiation was 
identified by the microstructural features on the fracture surface; no 
evidence of subsurface defects was observed. The crack initiation fea
tures were consistent across all relative densities, as shown in Fig. 14(b). 
The first stage of the crack growth, highlighted in Fig. 15(b), appears to 
strongly depend on the microstructural features following the grain 
morphology in this region. At longer crack lengths, the crack grew with a 
combination of intergranular and transgranular features producing a 
tortuous fracture surface with a basketweave-like texture, particularly 
evident in the propagation zone as reported in Fig. 14(c) and Fig. 15(c).

Fig. 14(d) reports the final stage of the fatigue failure. In this zone, 
the fracture surface appears highly tortuous, showing ductile static 
failure features such as dimples with micro-void coalescence. Due to the 
thin ligaments, this zone likely involves a competition between plastic 
collapse and ductile tearing. The fatigue failure surfaces also align with 
the outcomes reported by Razavi et al. [105] while investigating the 
thickness effect. In [105], three different zones for the fatigue failure 
were identified, i.e., an initial stable crack growth followed by a quasi- 
stable and a final unstable one. In their study, the stable crack-growth 
region decreased with the specimen thickness decreasing; given the 
much smaller thickness in our work, the extent of this zone is consid
erably reduced, resulting in a fracture surface mainly divided into a 
quasi-stable crack growth zone and an unstable one.

As shown in Fig. 13, the fatigue failure in lattices is characterized by 
several cracks, of generally different lengths, growing at different lo
cations; this usually leads to strut failures at different numbers of cycles. 
The failure of each strut redistributes the load among the still unbroken 
struts, altering their local loading conditions. Therefore, considering 
only the initial loading state could be misleading. This load redistribu
tion can change the crack-opening mode in the unbroken ligaments, 
possibly introducing mixed-mode fracture features [108]. For instance, 
early-failed struts experience lower loads than the last ones to fail, 
resulting in differences in the extent of the fracture surface zones dis
cussed above. Under these considerations, the unstable crack-growth 
zone tends to show a different extent between early-failed (lower 
load) and late-failed (higher load) struts; in some cases, we did not 
observe a clear zone with the presence of dimples as with the 12.5 % 
relative density specimen in Fig. 14(d). This, however, does not imply 

that such zones cannot be found in other failed struts at the same relative 
density. Fig. 16 further illustrates the failure surfaces of two ligaments at 
25 % and 12.5 % relative densities, showing different appearances at the 
final stage of failure (Fig. 16 (g) and (h)((), including possible signs of 
surface contacts.

4. Conclusions

In this work, a comprehensive experimental campaign was con
ducted to investigate the quasi-static and fatigue behavior of Ti6Al4V 
solid-based gyroid lattices, made via PBF-LB. The study specifically in
vestigates the influence of relative density (four different values) and 
post-treatment conditions (stress relieving and annealing, ANN, and 
stress-relieved, annealing and hot isostatic pressing, ANN-HIP). While 
the experiments directly focused on these two factors, the study aims to 
interpret their effects in a wider perspective and examine a possible 
process optimization framework for lattices, exploring whether cheaper 
and less complex post-treatments than HIP could match its beneficial 
effects. The experimental campaign was complemented by micro-CT 
scans, microstructural and postmortem analysis for understanding 
damage mechanisms and FE modelling to evaluate the stress distribution 
and correlate experimental findings. The obtained results were 
compared with literature data, seeking a more comprehensive analysis. 
The main outcomes of the investigation can be summarized as follow: 

– Micro-CT analysis revealed 10 % higher actual relative density and 
14 % lower wall thickness than their as designed values. These 

contradictory outcomes originate from significant deviations at the 
specimens’ outer surfaces indicating that average relative density 
may not accurately represent the core one.

– No significant differences were observed in texture, grain size, or 
residual strain, either at the edge or in the central part of the liga
ments analyzed across all conditions. EBSD analysis consistently 
identified only the α-Ti phase.

– The comparison between ANN and ANN-HIP specimens revealed a 
comparable mechanical behavior, proving that the combination of 
optimal process parameters and cheaper post-treatments can match 
the benefits due to HIP.

– The nominal fatigue strength decreased substantially with 
decreasing the relative density (∼ 47 %, ∼ 78 %, and ∼95 % lower 

Fig. 15. (a) Side view of a fracture surface in a specimen with a 12.5 % relative density showing, (b) fracture along the microstructures and (c) intergranular- 
transgranular appearance.
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for 37.5 %, 25 %, and 12.5 % relative density, respectively, 
compared to the 50 % one at 2 million cycles).

– The effective stress failed to relate fatigue strength to relative den
sity. Nevertheless, this parameter is useful to evaluate the efficiency 
in exploiting the bulk material properties as it accounts for loss in 
strength due solely to material reduction. The analysed data revealed 
that the efficiency in exploiting the bulk material decreases with 

decreasing the relative density; paradoxically, lower relative den
sities lead to heavier designs for a given load-bearing requirement.

– The normalized stress provided a reasonable correlation of fatigue 
strength values across relative densities, though it is affected by a 
residual dependency likely attributable to the different influence of 
the surface roughness on quasi-static and fatigue behaviour. This 
interpretation is supported by the higher residual dependency 

Fig. 16. Failure surface of a single strut at (a) 25 % and (b) 12.5 % relative density; (c) and (d) are the crack initiation sites for 25% and 12.5%, respectively; (e) and 
(f) are the crack propagation zones for 25 % and 12.5 % respectively; (g) and (h) are the final crack growth zones showing dimples for 25 % and possible contact 
between surfaces for 12.5 %.

P. Foti et al.                                                                                                                                                                                                                                      International Journal of Fatigue 206 (2026) 109447 

20 



observed in gyroid lattices, whose continuous transition zones make 
surface roughness dominant on the fatigue behaviour. Conversely, in 
strut-based lattices, the sharper notches at strut nodes compete with 
the surface roughness, thereby reducing its influence. Basquin-like 
equation slopes further corroborated this interpretation.

– FEA, performed on as-designed geometry, captured the key aspects 
of lattice quasi-static behavior, with minor discrepancies in stiffness 
data. It also confirmed the marginal role on the quasi-static behavior 
of surface roughness that, however, cannot be neglected considering 
the fatigue behavior.

– Finally, the failure analysis showed fatigue cracks initiated at the 
surface, strongly influenced by surface roughness but coherent with 
the critical zones identified by FEA. This also implies that internal 
microporosity, located in lower-stressed zones, has a reduced impact 
on the fatigue behavior and is tolerable to a limited extent. Proofs of 
this have been provided by the failure analysis.
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