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A B S T R A C T   

Cellular materials are an attractive option to improve mechanical properties in lightweight design. Given their 
complex geometry, cellular materials present small features at the meso-scale that make them highly susceptible 
to fatigue failures. Fatigue of these materials has been receiving adequate attention only in the last few years, 
nevertheless, studies of low cycle fatigue (LCF) behaviour are extremely scarce and fragmented. In this study, 
316L steel strut-based (FBCCZ) and gyroid cellular specimens were successfully manufactured by laser-powder 
bed fusion and tested in the LCF regime, considering their post-manufacturing morphological characteristics. 
The cyclic elastoplastic response revealed a higher stiffness for the strut-based than the gyroid cellular structure. 
The latter, in contrast, exhibited higher fatigue strength in strain-control mode, thanks to the absence of severe 
stress and strain raisers when compared to the strut-based counterpart. Overall, strain-life curves of both types of 
cellular materials are shifted to lower number of cycles to failure with respect to the base material. Detailed 
fractographic analyses revealed complex and tri-dimensional fracture surfaces for the gyroid specimens, whereas 
the strut-based lattice displayed planar fracture surfaces.   

1. Introduction 

Cellular, or lattice, materials are structured materials based on a 
periodic arrangement of a regular unit cell in space [1,2]. Additive 
manufacturing (AM) is the most suitable manufacturing process to 
produce such complex structures at a very small scale and with good 
quality. Other manufacturing processes can fabricate two-dimensional 
or relatively simple three-dimensional structures, though with less 
control. The first classification of cellular structures based on the ge-
ometry of the unit cell is between open and closed cell porosity. A 
further distinction can be made between strut-based [3] and triply pe-
riodic minimal surfaces- (TPMS-) based cellular structures [4]. The unit 
cell of strut-based cellular structures is composed of struts and nodes, 
whereas TPMS-based is obtained from a surface that divides the space 
into two parts. From that starting surface, two types of unit cells are 
defined: sheet-TPMS and skeletal-TPMS. Unit cells of sheet-TPMS 

cellular structures are obtained by thickening the initial surface, 
whereas skeletal-TPMS are obtained by defining one of the two regions 
of the space as solid. 

From a practical point of view, cellular structures are intricate ge-
ometries manufactured at a small scale to fill the geometry at the 
component scale. Therefore, the macroscopic behaviour of the compo-
nent is ruled by the topology of the unit cell and its spatial distribution, 
in the same way as the mechanical response of a part changes by 
choosing different materials. For this reason, cellular structures are also 
called cellular or lattice materials. The main advantage of cellular 
structures is, therefore, to tune the mechanical properties of components 
by changing the topology of the unit cell and its relative density (i.e., 
porosity). Furthermore, cellular materials can always lighten compo-
nents thanks to the fact that they use only a minimal quantity of mate-
rial. Considering this design versatility, cellular structures have been 
proposed in different applications, as accurately reviewed by Du Plessis 
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et al. [5]. Structural properties are relevant in many of them, such as in 
impact and energy absorbers [6,7], vibration damping [8,9,10] and in 
lightweight components in general [11,12]. Cellular materials are also 
well suited to tune thermal properties in heat transfer systems [13] and 
stiffness and permeability for osseointegration in biomedical prostheses 
[14]. This extended usability of cellular structures makes them attrac-
tive in many industrial sectors, from aerospace and automotive to 
biomedical and electronic fields [15,16,17]. 

For the above reasons, the mechanical behaviour of cellular mate-
rials has been the focus of many studies. Static properties were widely 
investigated under several loading conditions, ranging from compres-
sion [18,19] and tension [20] to torsion [21] and shear [22], using both 
experimental and numerical methods. Mechanical properties, such as 
elastic modulus, yield strength and ultimate tensile strength were 
related to the topology of the unit cell, relative density and base material 
[23]. These parameters are considered the most influential in designing 
components with cellular structures. Anisotropy of cellular materials is 
another relevant feature that has been widely studied in quasi-static 
loading conditions [24,25]. 

More recently, the fatigue performance of these materials has 
attracted the interest of many researchers and engineers. However, only 
compression-compression fatigue response has been widely covered at 
first [26,27,28,29]. This is mainly due to a number of experimental 
challenges encountered when testing these materials in the tensile 
regime. Nevertheless, the scientific community has recognised the 
relevance of extending this knowledge to a broader range of fatigue 
loading conditions. At the same time, increasing confidence in the 
experimental setup for fatigue testing has been achieved, and different 
authors proposed a variety of specimens designed for fatigue tests in 
tension with successful results [30,31,32,33]. Works on fatigue prop-
erties under different load ratios [34] and random loading can now be 
found in the literature [35]. Also, fatigue crack propagation in lattice 
structures was studied by Li et al. [36]. Nonetheless, all these studies on 
fatigue are conducted in the high cycle fatigue (HCF) regime in load 
control, whereas low cycle fatigue (LCF) and the cyclic elastoplastic 
response have not been investigated by experimental tests yet, to the 
best of the authors’ knowledge. Only a couple of works by Tomažinčič 
et al. constitute an exception, where experiments and numerical simu-
lations are assessed to characterise the cyclic response and fatigue 
strength [37,38]. However, the cellular structures studied in these works 
are essentially two-dimensional and were produced by water-jetting 
starting from rolling sheets of Al alloy. On the other hand, the low 
cycle fatigue behaviour of three-dimensional cellular structures was 
studied by very few works using an exclusively numerical approach. For 
example, Molavitabrizi et al. established a computational approach to 
predict fatigue strain-life curves for two different unit cells by combining 
elastoplastic homogenisation and the theory of critical distance [39]. A 
similar framework was proposed by Mozafari et al. to predict the fatigue 
life of cellular structures covering the HCF and LCF regime but using 
local plastic strain energy density in a cycle as a fatigue indicator 
parameter [40]. A different method to predict the LCF behaviour of 
diamond and gyroid cellular structures was proposed by Zhang et al., 
who used a cyclic plasticity model coupled with damage to obtain the 
cyclic response and fatigue strength of the whole cellular structure [41]. 
In the meantime, LCF properties of additively manufactured bulk metals 
have been extensively characterised in the last years, differently from 
the cellular materials. These studies covered a wide range of metallic 
materials that are considered suitable to be manufactured by AM sys-
tems, such as AISI 316L steel [42,43,44,45], Ti6Al4V [46,47] and 
Inconel 718 [48,49]. 

The current study aims to extend the knowledge of the fatigue 
behaviour of cellular materials at LCF loading conditions from an 
experimental point of view. This knowledge could expand the range of 
applications to more severe strain control loading conditions, such as in 
the case of components subjected to thermo-mechanical loads in the 
aerospace industry or vibration dampers. In this work, cellular 

specimens made of AISI 316L steel are designed to be loaded in cyclic 
tension–compression in strain-control mode and manufactured by laser- 
powder bed fusion (L-PBF). The majority of the studies about the fatigue 
of cellular structures regard Ti6Al4V alloy, whereas L-PBF 316L steel has 
been considered mainly in works on static behaviour 
[50,51,52,53,54,55]. Therefore, this study also aims to enrich the cur-
rent literature in this area. In addition, two cellular structures are 
considered in the investigation: a strut-based unit cell, called FBCCZ, 
and a TPMS-based unit cell, namely skeletal-gyroid. The two types of 
lattice cells are expected to provide different mechanical properties in 
terms of stress–strain hysteresis loops and fatigue strength and, there-
fore, suggest use under different operating conditions. Morphologies of 
the fracture surfaces were also examined to characterise the damage 
mechanisms of cellular materials during cycling. 

2. Materials and methods 

2.1. Base material and cellular specimens 

Two different unit cell topologies were considered in this work. The 
first one is a strut-based lattice cell called FBCCZ [18], which combines 
the face-centred cubic (FCC) and body-centred cubic (BCC) cells with 
the addition of four vertical struts along the z-direction (see Fig. 1 (a)). 
The number of nodes and struts in the cell makes the mechanical 
behaviour of this topology bending-dominated based on the Maxwell 
stability criterion [56]. However, if this cell is loaded along the z-di-
rection, it is experimentally demonstrated that the response is basically 
stretching-dominated [18,57]. The considered cell is 2 mm per side, 
with the diameter of the struts equal to 0.4 mm. These dimensions lead 
to a ratio of the volume occupied by the solid material Vsolid to the total 
volume occupied by the cell Vtot, or relative density ρ [1], of about 31 %, 
according to: 

ρ =
ρ*

ρs
=

Vsolid

Vtot
(1)  

where ρ* and ρs are the density of the cellular and base material, 
respectively. 

The second unit cell is a skeletal-TPMS (or network-TPMS). TPMS 
includes a variety of geometries, among which the gyroid is probably the 
mostly employed one and thus chosen for this study. Interested readers 
can learn more about TPMS and gyroid in the references [4,58]. For the 
sake of brevity, the main aspects of the gyroid cell studied in this work 
are summarised in the following. As mentioned in the Introduction, the 
skeletal-gyroid cell is generated by starting from the gyroid surface that 
separates the space into two regions. The gyroid surface can be 
approximately determined by finding U(x, y, z) = 0 of the function [59]: 

U(x, y, z) =sin
(

2π
l0

x
)

cos
(

2π
l0

y
)

+ sin
(

2π
l0

y
)

cos
(

2π
l0

z
)

+ sin
(

2π
l0

z
)

cos
(

2π
l0

x
)

− t
(2) 

Then, the skeletal-gyroid cell can be obtained by filling with solid 
material the region of the space where U(x, y, z) ≤ 0. The parameter l0 is 
the size of the unit cell, whereas t is a constant which rules the relative 
density of the cellular material. In order to fairly compare the behaviour 
of the gyroid with the FBCCZ cell, the relative density was chosen to be 
the same (i.e. 31 %), which is obtained by imposing t = − 0.57 in Eq. (2). 
The size of the cell is selected to be 2 mm, equal to the FBCCZ structure. 
Fig. 1 (b) depicts the studied gyroid unit cell. The skeletal-gyroid ge-
ometry is not directly composed of nodes and struts, which excludes the 
use of the Maxwell stability criterion to predict the mechanical behav-
iour. Nevertheless, the geometry can be schematised by nodes and 
struts, as reported in [60]. This approximation yields a correct predic-
tion of the mechanical properties as long as the relative density is low (i. 
e. less than 15 %) because of the continuous curvature between the 
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“pseudo-struts” and “pseudo-nodes” of the real geometry. Nonetheless, 
the results obtained by Yang et al. suggest that the skeletal-gyroid has an 
overall bending-dominated response [60]. 

The specimen geometry for both the FBCCZ and gyroid cells is re-
ported in Fig. 2 (a-b). The design of fatigue cellular specimens is not 
trivial due to several challenges, such as avoiding invalid failures during 
fatigue tests. The cellular part has 6 × 6 × 19 cells, with 15 rows of cells 
in the middle of the specimens with a constant relative density of about 
31 %. The smooth transition of two rows between the solid and cellular 
parts, reported in Fig. 2 (a-b), was designed with an increasing relative 
density. This expedient reduces the possibility of failure outside the 

gauge length of the specimen, as suggested in [52,61]. Furthermore, 6 ×
6 cells in the transversal section of the specimen mitigate the edge effects 
enough and allow the mechanical response to be representative of the 
cellular material. Other authors suggested using a minimum number of 7 
cells in the cross-section [62]. However, 6 cells were eventually selected 
because of size limitations due to the experimental equipment. In any 
case, preliminary finite element simulations proved that the difference 
in the stress–strain response between a row of 6 × 6 and 7 × 7 cells is 
negligible in the explored range of strains of the present study [63]. 

The total axial length of the specimens is 128 mm, including 45 mm 
of the grip portion for each side. The cross-section in the cellular part 

Fig. 1. Unit cell topologies and dimensions: (a) FBCCZ and (b) skeletal-gyroid.  

Fig. 2. Cellular specimen geometries: (a) FBCCZ and (b) gyroid (dimensions in mm).  
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with constant relative density is 12.4 mm × 12.4 mm for the FBCCZ 
specimen and 12 mm × 12 mm for the gyroid specimen. The difference 
of 0.4 mm is because the struts of the FBCCZ were not truncated at the 
boundaries but were designed to be complete. The graded density areas 
of the FBCCZ specimen were obtained by increasing the vertical struts 
from 0.4 mm to 0.76 mm and the inclined struts from 0.4 mm to 0.75 
mm. This design choice explains the difference of 0.76 mm between the 
width of the grip portion of the FBCCZ and gyroid specimens. The base 
material of the cellular specimens is L-PBF 316L stainless steel. The bulk 
mechanical properties of this alloy were previously characterised 
through tensile and LCF tests on standard plain specimens [43,64]. 

2.2. Manufacturing process and metrological analysis 

The cellular specimens were produced by L-PBF using a Concept 
Laser M2 Cusing machine. The processed AISI 316L steel powder had the 
chemical composition: 17.7 %Cr, 12.7 %Ni, 2.29 %Mo, 0.93 %Mn, 0.70 
%Si, 0.02 %C. The particle diameters exhibited a Gaussian distribution 
ranging from 18.34 μm (10th percentile) to 45.00 μm (90th percentile), 
with a median value of 28.63 μm. 

The STL files used to generate the input file for the printing phase 
were obtained with a slightly different path. The FBCCZ lattice specimen 
was modelled using a CAD system (SolidWorks), and then an STL of the 
geometry was exported. The gyroid cellular specimen was instead 
modelled using nTopology software, and the STL file was generated 
based on the implicit body of the geometry. 

The samples were manufactured under an inert argon atmosphere 
with a residual oxygen level below 0.2 %. The adopted process param-
eters are reported in Table 1. The bulk area was exposed according to the 
island strategy described in [43]. Subsequently, a contouring scan was 
executed using optimised parameters to reduce process-related defects. 

A stress-relieving heat treatment at 550 ◦C for 6 hours was performed 
before removing the specimens from the building platform. Finally, the 
grip section of the specimens was machined to guarantee perfect 
planarity of the faces and an optimal grip with the testing machine 
(Fig. 3 (a)). 

The geometric and surface properties of the specimens were thor-
oughly examined according to the methodology specifically developed 
in [65] for AM structures. This analysis is crucial since the actual shape 
and surface conditions can significantly impact the specimens’ me-
chanical behaviour. 

A 7-axis Romer absolute arm equipped with a Hexagon RS5 laser 
scanner was utilised to inspect the geometric accuracy of the grip sec-
tions of the specimens. The measuring system error was within the in-
terval ± 0.048 mm. The acquired point clouds were subsequently 
processed using the Hexagon PC-DMIS software and then aligned with 
the corresponding samples’ CAD models, employing the best-fit method. 
Hence, the distance between the measured points and the CAD 3D model 
was calculated. The maximum deviation in the gripping areas was 
generally well within ± 0.1 mm, a value that ruled out the occurrence of 
unwanted bending stresses during testing. 

The cellular portion of each specimen instead underwent inspection 
using a Sensofar S neox five axis 3D confocal microscope equipped with 
a Nikon EPI 20x objective. Multiple field-of-views were captured and 
stitched together with a 30 % overlap to obtain the entire surface of 
interest. The vertical resolution of the data acquisition was 1 μm. Each 

in-plane single scan was acquired with a resolution equal to 5 MP 
(megapixel), resulting in a 0.69 µm/px pixel size. The FBCCZ and gyroid 
overall geometrical conformity were evaluated by processing the ac-
quired point clouds using PC-DMIS. Noise and unwanted tilting due to 
specimen misalignment were reduced to a minimum by appropriate 
filtering. Therefore, the reference 3D model and point clouds were 
aligned with the best-fit method. The same equipment was then used to 
assess the surface quality of the grip portions of the specimens. The 
acquired point clouds underwent cropping, filtering, and extraction of 
surface profiles from each sample. The length of all the extracted profiles 
was standardised to 25 mm. The data were then processed following the 
ISO 4287 standard to determine the average roughness (Ra) and average 
waviness (Wa), with a cut-off wavelength set at 2.5 mm. 

2.3. Mechanical tests and fractographic analyses 

The mechanical behaviour of the FBCCZ and gyroid specimens was 
first investigated through a quasi-static tensile test. The test started in 
strain-control mode with a strain rate equal to 6.66 × 10-5 s− 1, before 
switching to the displacement control with a higher speed of 1 mm/min. 
The static properties provided by the tensile tests were then used to 
determine the imposed strains in the LCF tests. A symmetric strain his-
tory with a constant amplitude was imposed during the fatigue tests, i.e., 
Rε = − 1. The strain amplitudes spanned from 0.3 % to 0.7 % for the 
FBCCZ structure, and from 0.3 % to 1.2 % for the gyroid. The frequency 
was adapted to achieve a strain rate of 4 × 10-3 s− 1 for each test. 

The static and cyclic tests were performed using an MTS 810 material 
testing machine with a built-in 100 kN load cell to measure the force. An 
MTS 634 axial extensometer was used to control the strain in a 25 mm 
gauge length. The experimental setup is depicted in Fig. 3 (b). The cyclic 
tests were stopped after the complete separation of the specimens except 
for the gyroid specimen tested at 0.3 % strain amplitude, which was 
stopped earlier and constituted the only exception. Nonetheless, the 
number of cycles to failure Nf was defined based on a 10 % stress drop 
from the linear softening that appeared during the cyclic test (see Fig. 4 
(a)). This criterion is mentioned as the “parallel line method” from now 
on. 

Results of the present work will refer to macroscopic stress and strain 
of the cellular specimens, as graphically defined in Fig. 4 (b). Precisely, 
the macroscopic stress is the ratio between the force F and the cross- 
section of the specimen A0 (12 mm × 12 mm) regardless the presence 
of hollow regions, while the macroscopic strain is the ratio of the 
displacement measured by the extensometer ΔL divided by the gauge 
length L0 (25 mm). The aim is to obtain a mechanical behaviour inde-
pendent of the specimen geometry by considering the cellular structure 
as a homogeneous equivalent material. In that regard, the mechanical 
properties commonly defined for bulk materials in static and cyclic 
loading conditions (e.g. Young’s modulus, yield strength, cyclic 
stress–strain curve) can be derived from the macroscopic stress–strain 
response. 

Post-mortem fractographic analyses were conducted on cellular 
specimens to assess the global and local failure modes. In particular, 
macroscopic examination of the fractured specimens, which was per-
formed by using a stereoscope, was followed by detailed microscopic 
analyses using a Zeiss Evo 40 Scanning Electron Microscope (SEM). 

3. Results and discussion 

3.1. Dimensional accuracy and surface roughness 

The surface properties and the geometric accuracy of the FBCCZ and 
gyroid structures were analysed using the confocal optical microscope. 
The distance between the measured points and the reference surfaces of 
the cellular structures was calculated, obtaining the colour map of 
geometric errors, see Fig. 5 (a-b). The maximum deviation is generally 
within ± 0.1 mm. As expected, the major anomalies are predominantly 

Table 1 
Laser-powder bed fusion (L-PBF) parameters for cellular specimens 
manufacturing.   

Laser 
power 
(W) 

Scanning 
speed (mm/ 
s) 

Spot 
diameter 
(μm) 

Hatch 
distance 
(μm) 

Layer 
thickness 
(μm) 

Bulk 180 600 120 105 25 
Contour 150 350 70 – 25  
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located in the proximity of down-facing surfaces, where inadequate heat 
removal is known to cause the formation of dross, or near small features 
(e.g. small holes of the graded density areas) [9,65]. The dimensional 
error is, therefore, well within the typical accuracy limits of L-PBF 
systems. 

The diameter of the vertical and inclined struts of the FBCCZ lattice 
and the thickness of the vertical and horizontal walls of the gyroid were 
measured by processing the point cloud data. The measurements were 
repeated five times for each specimen, obtaining the boxplots shown in 
Fig. 5 (c). The upper and lower bound of the box refers to the 25th and 
75th percentile, respectively. The middle line is instead the median of 
the data. The whiskers extend to the maximum and minimum values 
excluding the outliners, which are values further than 1.5 times the 
interquartile range from the up or bottom of the box. Each measurement 
is shown by means of a scatterplot, identifying each specimen with 
different colours. As expected, the vertical struts of the FBCCZ and 
vertical walls of the gyroid are accurately reproduced, with geometric 
errors never exceeding 60 μm for the former and 130 μm for the latter. 
However, as the angle relative to the build direction increases, such as in 
the case of inclined struts of the FBCCZ and horizontal walls of the 
gyroid, the geometric error also increases. Considering the horizontal 
walls of the gyroid, the error can exceed 300 μm, primarily due to sig-
nificant dross formation resulting from poor thermal exchange. 

Afterwards, the surface properties of the flat lateral surfaces in the 
clamping areas of the specimens were also analysed. The roughness 
average was 7.48 µm, and the waviness average was 2.67 µm. The 
standard deviations of the roughness and waviness measurements were 
0.65 and 0.72 µm, respectively, indicating good process repeatability. 

3.2. Quasi-static tensile tests 

Stress–strain curves of the FBCCZ and gyroid cellular materials 
derived from the tensile tests are shown in Fig. 6. A quantitative analysis 
of the curves gives the static properties listed in Table 2. The mechanical 
properties of the base material - produced by the authors in a previous 
study - are also reported for a direct comparison [64]. The difference in 
elongation between the FBCCZ and gyroid specimens is clear from a 
glance at the overall curves. The elongation at fracture (A%) of the 
gyroid specimen is nearly ten times higher than the FBCCZ specimen. 
Zooming in the first part of the curve, as shown in the inset of Fig. 6, the 
higher stiffness of the FBCCZ compared to the gyroid cellular specimen 
becomes evident. The estimated Young’s modulus (E) of the FBCCZ is 
about two times the one of the gyroid. It is also apparent that the gyroid 
cellular material has a yield strength at 0.2 % of plastic strain (σy,0.2%) 
definitively lower than the FBCCZ. However, there is a moderate dif-
ference of only 20 MPa in the ultimate tensile strength (σUTS) recorded 

Fig. 3. (a) FBCCZ and gyroid specimens and (b) experimental setup for low cycle fatigue tests.  

Fig. 4. Definition of the quantities in mechanical tests: (a) criterion for the determination of the number of cycles to failure and (b) definition of macroscopic stress 
and strain. 
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during the tests. The properties of the base material and the geometry of 
the gyroid structure can give a possible explanation for this behaviour. 
In fact, the high ductility of the L-PBF 316 steel allows for a change in the 
mechanical response of the gyroid, from bending-dominated to partially 
stretching-dominated, thanks to the rotation of the “pseudo-struts” 
along the loading direction [52]. On the contrary, the vertical struts in 
the FBCCZ cell make the response stretching-dominated from the 
beginning of the test, which is reflected in the high stiffness, preventing 
taking full advantage of the reorientation of the inclined struts. 
Furthermore, in the FBCCZ cell, the high ductility of the base material is 

Fig. 5. Deviation between the as-built and nominal surfaces of (a) FBCCZ and (b) gyroid cellular structures; (c) geometrical error quantification on vertical and 
inclined struts for the FBCCZ specimens and on vertical and horizontal walls for the gyroid specimens. 

Fig. 6. Stress–strain curves of the FBCCZ and gyroid cellular materials obtained from the quasi-static tensile test. A magnification of the low-strain regime is shown in 
the inset. 

Table 2 
Relative density and quasi-static tensile properties of the base material (L-PBF 
316L steel), FBCCZ and gyroid cellular materials.   

ρ E(MPa) σy,0.2%(MPa) σUTS(MPa) A% 

L-PBF 316L steel  
[64] 

100 % 198,562 527 660  32.7 % 

FBCCZ 31 % 37,216 101 138 3.75 % 
Gyroid 31 % 17,954 57 119  32.8 %  
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not entirely exploited due to the presence of sharp notches at nodes that 
explain the low elongation of this type of cell. 

A side view of FBCCZ and gyroid specimens after tensile tests is re-
ported in Fig. 7 (a,c). The FBCCZ specimen exhibits a failure with a small 
amount of deformation located near the fractured region between two 
rows of cells. This position is the weakest in the FBCCZ structure due to 
the strong inhomogeneity of stress distribution with high concentration 
in the nodes. The gyroid, on the contrary, is characterised by a diffuse 
necking along the gauge length, thanks to the more homogeneous stress 
distribution. Fig. 7 (b) displays a representative fracture surface of the 
FBCCZ structure, where the growth and coalescence of voids are evident. 
The nucleation of the voids was likely triggered by the defects already 
present in the material, which could further reduce the ductility of the 
FBCCZ cellular material. The fracture surfaces of the gyroid specimen 
are instead characterised by a less irregular surface, as reported in Fig. 7 
(d). 

3.3. Cyclic stress response 

The change in stress amplitudes up to the number of cycles to failure 
during strain cycling is reported in Fig. 8 (a-b) for both FBCCZ and 
gyroid cellular materials. In this figure, the cyclic response for both the 
tested materials is shown using two different approaches. Fig. 8 (a) has 
the number of cycles in the logarithmic scale on the x-axis, whereas 
Fig. 8 (b) reports the life fraction (the number of cycles divided by the 
number of cycles to failure) in a linear scale. The criterion to determine 
the number of cycles to failure was explained in Section 2.3. An 
exception is the gyroid specimen tested at 0.3 % strain amplitude, which 
was stopped before complete specimen separation. Furthermore, that 
specimen did not show any clear drop of maximum stress during the test 
− the stress was already below 10 MPa after 47,000 cycles. Owing to 
these reasons, the number of cycles to failure for this specific test was 

established at the cycle at which the maximum stress decreased by 40 % 
from the overall maximum stress recorded during the test. A value of 40 
% was chosen because it corresponds to the average value of the stress 
drop at the number of cycles to failure defined with the “parallel line 
method” for the other tested gyroid specimens. Therefore, the two 
criteria are rather consistent. The number of cycles to failure for each 
low cycle fatigue test are reported in Table 3. 

The FBCCZ structure clearly withstands higher stresses than the 
gyroid one for all the tested strain amplitudes. Nevertheless, both the 
unit cell topologies share some common features during the cyclic 
response. The stress amplitude increases for about five cycles at the 
beginning of the test, which is consistent with the behaviour of the base 
material [43]. However, the majority of the life of the specimens is 
covered by a linear cyclic softening, which starts immediately after the 
fast hardening for the FBCCZ cell and a short non-linear softening for the 
gyroid cell. The onset of the linear softening is located between 10 and 
30 % of the life fraction, whereas the end is at approximately 90 %. A 
non-linear drop of the stress associated with the propagation of a mac-
rocrack can be recognised in the last part of the specimen life. In Fig. 8 
(b), the slope of the linear softening part is nearly constant, independent 
of the strain amplitude values. However, it must be noted that this plot 
depicts the stress amplitude against the life fraction, not the number of 
cycles. Therefore, the slope of the stress amplitude against the number of 
cycles changes with the strain amplitude, but it becomes almost constant 
if multiplied by the number of cycles to failure: (dσa/dN)Nf ≅ costant. In 
other terms, the smaller the number of cycles to failure (or the higher the 
strain amplitude), the steeper the linear softening. 

As a final remark, all the tested specimens did not reach any stabi-
lised condition in cyclic loading. The stabilised condition refers to a 
stress amplitude, and hence a stress–strain hysteresis loop, that remains 
unchanged during cycling, and it is usually attained after a certain 
number of cycles, depending on the material. This behaviour is 

Fig. 7. Quasi-static failures and fracture surfaces: (a) side view of the broken FBCCZ specimen and (b) fracture surface of an internal node revealing void growth and 
coalescence; (c) side view of the broken gyroid specimen and (d) fracture surface of a “pseudo-strut” showing a relatively flat surface. 
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somehow predictable since even the base material did not present a 
complete stabilisation too. Moreover, given that the plastic strain field in 
cellular structures is highly inhomogeneous, only a few regions can 
indeed accumulate enough plastic strain to reach a quasi-stabilised 
condition before specimen failure, while the overall macroscopic 
response cannot. 

3.3.1. Cyclic material softening and fatigue damage 
The cyclic response of the FBCCZ and gyroid cellular materials was 

investigated more in-depth by looking at the change in maximum and 
minimum stress with the number of cycles and, therefore, in the mean 
and amplitude stress. The responses of the FBCCZ and gyroid specimens 
tested at 0.3 % and 0.7 % strain amplitudes, respectively, are presented 
in Fig. 9 (a-b). These two tests were selected for the comparison because 
the cyclic stress responses versus the life fraction are similar (i.e. 
beginning and end of the linear softening are approximatively at 25 % 
and 90 % of the life fraction), and the number of cycles of failure are 
comparable too. The maximum stress decreases faster than the (abso-
lute) minimum stress during the linear softening phase. This trend leads 
to the development of negative mean stresses. This type of cyclic 
behaviour was found for each tested specimen. However, the linear 
softening for the FBCCZ cellular material begins earlier in the test and 
with a different slope for the maximum and minimum stress values. In 
contrast, the cyclic softening of the maximum and minimum stress for 
the gyroid specimens maintains a similar trend for a higher number of 
cycles. 

Unfortunately, other literature studies on cellular structures, or 

Fig. 8. Cyclic stress response of FBCCZ and gyroid cellular materials: stress amplitude versus (a) number of cycles in logarithmic scale and (b) life fraction in 
linear scale. 

Table 3 
Results of the low cycle fatigue tests for FBCCZ and gyroid cellular materials: 
number of cycles to failure, stress and plastic strain amplitudes (referred to the 
half-life cycles).   

εa(%) Nf σa(MPa) εpl,a 

FBCCZ 0.3 492 87  0.000657 
0.4 155 99  0.001258 
0.5 126 103  0.001899 
0.7 53 120  0.003374 

Gyroid 0.3 25,057 35  0.000604 
0.5 2531 51  0.001748 
0.7 1234 58  0.003049 
1 430 66  0.005862 
1.2 251 70  0.007455  

Fig. 9. Maximum and minimum stress versus the number of cycles: (a) FBCCZ specimen tested at a strain amplitude of 0.3% and (b) gyroid specimen tested at a 
strain amplitude of 0.7 %. 
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metal foams, report fatigue tests under load control, so a direct com-
parison with existing literature results is not viable. Nonetheless, many 
studies can suggest insights into the cyclic response in strain control 
loading. From an historical perspective, metal foams have been inves-
tigated earlier than cellular structures. As an example, relevant studies 
by Ashby et al. described the failure modes of metal foams under fatigue 
loading in tension–tension and compression-compression [66]. Under 
tension–tension loads, an initial ratcheting phase, with an increasing 
mean strain, progresses during the test until it reaches a strain value that 
leads to a rapid specimen elongation. On the other hand, during 
compression-compression, the strain accumulates at a gradually 
decreasing rate in the first stage. Then, it keeps growing at a reduced 
ratcheting rate until it reaches the final stage, where the strain grows 
faster with one or more jumps depending on the type of metal foam. In 
the final stage, the elastic modulus during unloading decreases, as re-
ported by different authors [67,68]. In both loading cases, the gradual 
accumulation of mean strain per cycle is associated with a combination 
of cracking and ratcheting, though the tests were conducted in the 
macroscopic elastic range. On the contrary, the final stage is related to 
the densification of the foams in compression-compression and the 
propagation of a macrocrack in tension–tension. Failure modes similar 
to that of metal foams under fatigue loading were then found in cellular 
structures by many authors [28,68,69]. In compression-compression, an 
initial phase has been identified with an increasing mean strain at a slow 
rate. An evident increase in strain amplitude, which is related to the 
early damage of a strut, can be recognised after a certain number of 
cycles. At the same time, the mean strain grows faster and faster until it 
reaches a high rate. In that way, the beginning of the second stage is 
usually related to the number of cycles to damage initiation, whereas the 
third stage is the number of cycles to failure. The same notions were also 
extended to tension–tension and tension–compression loading condi-
tions [35]. 

The above discussion allows the cyclic stress response in Fig. 9 (a-b) 
to be reinterpreted. The asymmetric behaviour between maxima and 
minima of the stress can be likely due to some micro-damage processes 
at the level of single struts that decrease the cellular structure stiffness in 
tension faster than in compression. The opposite behaviour happens in 
load control tests, where the mean strain increases. On the other hand, 
the cyclic softening in compression is likely to be mainly related to the 
cyclic softening of the material and only partially to the damage. When 
cellular specimens are loaded in an elastoplastic regime, it is indeed 
challenging to separate the softening due to plastic deformations from 
that caused by damage degradation. Nonetheless, the minimum stress in 
compression presented a cyclic softening like the one reported for the 

base material [43]. 
The elastic moduli in tension, Et , and compression, Ec, were esti-

mated for each recorded stress–strain hysteresis loop to gain further 
insights. In particular, the elastic moduli in tension and compression 
were obtained in the unloading phase from the maximum and minimum 
stress, respectively. In Fig. 10 (a-b), the elastic moduli values are plotted 
against the number of cycles for a test of each type of cellular structure. 
The mean stress at each cycle is also depicted in the same plot. It can be 
noticed that the elastic modulus in compression remains almost stable 
during the tests. On the contrary, the elastic modulus in tension starts to 
decrease with a linear trend similar to that of the mean stress. Therefore, 
the different slopes in the linear cyclic softening between the stress 
maxima and minima, and hence the development of negative mean 
stress, seem correlated to a stiffness degradation of the cellular struc-
tures in tension. 

From the above consideration, the cycle at which the mean stress 
starts to decrease linearly to negative values can be interpreted as the 
onset of damage in strain control loading. The damage process begins 
early in the test in this respect and influences the macroscopic response 
of the cellular structures. The moment when the mean and amplitude 
stress of the cycles begin to drop faster can be instead associated with the 
formation and subsequent propagation of a macrocrack. The final 
macrocrack propagation stage is characterised by a fast decrease of the 
stresses alternated by discontinuities in the rate but without a sudden 
separation of the specimen. In fact, the progressive failure of the cells 
leads to discontinuous crack propagation in the lattice [36]. 

3.4. Stress–strain hysteresis loops and cyclic curve 

Some of the recorded stress–strain hysteresis loops are displayed in 
Fig. 11 (a-b) for both cellular materials when loaded at a strain ampli-
tude of 0.7 %. The cyclic softening behaviour is evident by looking at the 
decrease of stress maxima and minima. Furthermore, the hysteresis 
loops change in shape during cycling, and, at the same time, they shift to 
negative mean stresses. In the last cycles, the elastic modulus in tension 
is lower than in compression. The compressive branch is also distin-
guished by an inflection point. For bulk metallic plain specimens, this 
peculiar shape of the hysteresis loops is related to the closure and 
opening of a macrocrack in the specimen [70], analogously to what 
observed in fatigue crack opening displacement [71]. 

Furthermore, in analogy with conventional bulk metals, stabilised 
stress–strain hysteresis loops can be analysed to draw a cyclic strain-life 
curve for both the FBCCZ and gyroid cellular materials. The stabilised 
hysteresis loops are obtained when the material reaches cyclic stabili-

Fig. 10. Mean stress and elastic moduli in tension and compression versus the number of cycles: (a) FBCCZ and (b) gyroid specimen tested at a strain amplitude of 
0.3% and 0.7%, respectively. 
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sation, and they are used to describe the material constitutive behaviour 
in strain cycling conditions, which is different from the monotonic 
loading case. A stabilised hysteresis loop would be therefore required for 
obtaining the stress amplitude and, consequently, the plastic strain 
amplitude related to the imposed strain amplitude during cyclic loads. 
However, the linear cyclic softening, mentioned in the previous Section 
3.3, hides any sign of cyclic stabilisation. Therefore, the hysteresis loops 
at half-life are considered representative of the average cyclic response 
of the cellular materials though they are already characterised by a 
lower elastic modulus in tension than in compression. This is a standard 
procedure, and it has been reported by distinguished researchers 
[72,73]. Fig. 12 (a) depicts the half-life stress–strain hysteresis loops for 
the FBCCZ and gyroid specimens for every strain amplitude, whereas 
Fig. 12 (b) compares the monotonic and cyclic curves. The markers 
represent the pairs of stress amplitudes σa at half-life and plastic strain 
amplitudes εpl,a listed in Table 3. The cyclic curve of the FBCCZ lattice 
material essentially overlaps the monotonic one, suggesting that the 
cyclic softening is negligible. On the contrary, the gyroid cellular ma-
terial presents an apparent softening that leads to a cyclic curve lower 
than the monotonic curve. 

The cyclic curves were fitted with the widely-employed Ramberg- 
Osgood type equation: 

εa =
σa

E
+
(σa

K′

)1/n′

(3) 

where K′ and n′ are the cyclic strength coefficient and cyclic strain 
hardening exponent, respectively; their values resulting from a best- 
fitting are reported in the last two columns of Table 4. 

Fig. 11. Stress–strain hysteresis loops of the test at 0.7% strain amplitude: (a) FBCCZ and (b) gyroid cellular materials.  

Fig. 12. Cyclic stress–strain response: (a) half-life hysteresis loops for FBCCZ and gyroid cellular materials at different strain amplitudes; (b) monotonic and cyclic 
curves for both the FBCCZ and gyroid cellular materials. 

Table 4 
Parameters of the Manson-Coffin strain-life curve and Ramberg-Osgood cyclic 
curve for FBCCZ and gyroid cellular materials.   

σ′
f/E b ε′

f 
c K′(MPa) n′ 

L-PBF 
316L 
steel  

0.005242  − 0.0845  0.66849  − 0.5965 822  0.0973 

FBCCZ  0.009449  − 0.2061  0.116976  − 0.7616 281  0.1552 
Gyroid  0.011228  − 0.1428  0.245694  − 0.5624 291  0.2840  
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3.5. Strain-life curve 

The numbers of cycles to failure at each strain amplitude are 
depicted in Fig. 13 (a) as markers (black solid triangles for the FBCCZ 
cellular material, black solid circles for the gyroid). The elastic (blue 
down-pointing empty triangles for FBCCZ, blue empty triangles for 
gyroid) and plastic strain amplitudes (red empty diamonds for FBCCZ, 
red empty squares for gyroid) for each test are also illustrated in the 
same figure. The experimental data were fitted by a Manson-Coffin 
model, as usually done for bulk materials: 

εa =
σ′

f

E
(
2Nf

)b
+ ε′

f

(
2Nf

)c (4)  

where the fatigue strength coefficient σ′
f and exponent b are the fitting 

parameters of the elastic part, whereas the fatigue ductility ε′
f and 

exponent c are the parameters of the plastic part. 
The Manson-Coffin curves are reported in Fig. 13 (a), together with 

the straight lines related to the elastic and plastic parts, which were 
fitted separately to obtain the model parameters. The least-square fitting 
procedure was used [72]. The elastic and plastic straight lines for the 
FBCCZ lattice material are visually shifted to the left with respect to the 
ones of the gyroid. However, the Manson-Coffin parameters listed in 
Table 4 reveal that also the fatigue strength and ductility exponents, b 
and c, are slightly different among the unit cell topologies. 

In Fig. 13 (b), the strain-life curves of the FBCCZ and gyroid cellular 
materials are compared to the curve of the base (bulk) material. Despite 
the low number of tests, an apparent different behaviour is obtained 
between the two cellular materials, enforced by a relatively low scatter 
that allows some remarks to be confidently made. At any strain ampli-
tude, FBCCZ specimens have fatigue lives that are between 25 and 100 
times shorter than 316L steel bulk specimens. Gyroid specimens, on the 
contrary, have shorter fatigue lives than the base material at high strain 
amplitudes, but more similar when approaching a low strain amplitude 
of 0.3 %. It is important to remind that these tests are carried out con-
trolling the macroscopic strain, therefore results must be carefully 
interpreted when considering a fatigue regime close to the HCF, in 
which stresses can become the driver of the fatigue phenomenon. 
Indeed, the similar fatigue life of gyroid vs. bulk material at low strain 
amplitudes can possibly be explained by noting that the gyroid cellular 
structure is less stiff than the bulk material due to its greater porosity, 
leading to a lower macroscopic stress of the former when subjected to 

the same macroscopic strain. Yet, it is equally true that the local stress 
field in the gyroid specimens is rather inhomogeneous, with zones 
characterised by high stress magnitudes. These highly stressed zones, 
however, are expected to be small enough to counterbalance the global 
stress attenuation effect due to the more compliant behaviour. The same 
arguments can be made as far as the FBCCZ cell is concerned, except that 
the presence of significantly sharper notches, and the consequent in-
crease of local stresses, negatively impact the fatigue life. Different 
outcomes would be obtained in the case of load-controlled tests and HCF 
stress-life curves. Indeed, cellular materials cannot attain fatigue 
strengths as high as the companion bulk material when subjected to the 
same macroscopic stress amplitude [33,74]. 

Similar comments on the comparison between the strain-life curves 
can be made by observing the Manson-Coffin parameters reported in 
Table 4. A general trend can be noticed in the fatigue ductility coeffi-
cient ε′

f , which is the highest for the base material and the lowest for the 
less ductile FBCCZ lattice. The same holds for the fatigue strength co-
efficient. In fact, if the ratio σ′

f/E is multiplied by the Young’s modulus of 

the considered type of specimen, the highest σ′
f is again for the base 

material and the lowest for the weak gyroid cellular material. As 
mentioned before, the exponents also change among the different 
specimens, but with a less explicable trend. A more reliable character-
isation of the fatigue curves of these materials would require further 
tests for design purposes. In any case, the present paper aims at 
comparing the fatigue behaviour of the two analysed cellular materials, 
therefore, the presented experimental tests are sufficient to robustly 
draw significant conclusions. 

3.6. Fatigue failures and fracture surfaces 

The fracture surfaces of all the FBCCZ specimens are planar, as in the 
case of the specimen tested at a strain amplitude of 0.3 % and reported in 
Fig. 14 (a-b), and are situated in almost the same position along the 
gauge length. In particular, the specimens tested at 0.3 % and 0.4 % 
strain amplitudes failed between the 3rd and 4th cell rows, whereas the 
specimens tested at 0.5 % and 0.7 % failed between the 6th and 7th rows 
and 4th and 5th rows, respectively. The failure is always located at the 
nodes where there are 18 struts connected. This position is the weakest 
point in the structure for different reasons. First, these nodes have a high 
stiffness because of the contribution of a large number of struts, which 
leads to a gradual increase of stress and strain towards the node. This 

Fig. 13. Strain-life fatigue curves: (a) total, elastic and plastic strain amplitude versus number of reversals to failure for FBCCZ and gyroid cellular materials; (b) total 
strain amplitude versus number of reversals to failure for base material (L-PBF AISI 316L steel), FBCCZ and gyroid materials. 
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behaviour is, to some extent, similar to that of a plate with welded 
stiffeners that lead to a structural stress concentration. Second, the plane 
passing through the nodes is the one with the smallest load-bearing 
section area. Third, the small opening angle between the inclined 
struts connected to the node determines a sharp notch that further in-
creases the stress and strain locally. In fact, also other studies on a 
slightly different unit cell geometry, namely FCCZ, reported the nodes as 
the fatigue fracture position in the lattice structure [31,75]. Last but not 
least, internal porosity can also contribute to a further weakening of the 
material inside the lattice nodes [76]. 

Microscopic analysis with SEM revealed that some of the nodes failed 
by fatigue damage, whereas others by quasi-static ductile fracture. For 
example, in Fig. 14(c), cracks nucleated and propagated through the 
node until a quasi-static failure occurred, whereas the node analysed in 
Fig. 14(d) is entirely flat; the flatness is driven by the smaller cross 

sectional area that the crack prefers to follow during its propagation. 
Multiple crack initiations and ratchet marks are visible in both nodes of 
Fig. 14(c, d). The nucleation of cracks in different positions is typical of 
high loads but can also be further promoted by zones with stress con-
centrations. At higher magnification, fatigue striations are visible 
(Fig. 14(e, f)). Some gas or keyhole pores are present in the fracture 
surfaces. The same amount of defects was also found in the internal 
nodes of the specimen. A few cracks nucleated from the pore can be 
noticed in Fig. 14(c), but they do not seem to be the leading cracks. 
Overall, it can be stated that internal defects and also surface roughness 
play a minor role in low cycle fatigue. At least, the main driver in 
locating the fatigue fracture position is the nominal geometry of the 
cellular structure. In any case, it appears that defects and surface 
roughness also contributed to the decrease in the total fatigue life of the 
FBCCZ cellular structures in the studied regime. In fact, the reported 

Fig. 14. Fractographic analysis of the FBCCZ specimen tested at 0.3 % strain amplitude: (a) side view of the broken specimen and (b) macroscopic top view of the 
fracture surface; (c) fracture surface at lower left corner node revealing ductile and fatigue damage characterised by multiple crack nucleation and (e) fatigue 
striations; (d) fracture surface at upper right corner node failed completely by fatigue damage as highlighted by the flat surface in presence of (f) fatigue striations 
with large spacing. 
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defects can offer a favourable path for fatigue crack propagation. 
Fracture surfaces of the FBCCZ specimen tested at the higher strain 

amplitude of 0.7 % are characterised by a similar morphology to the one 
tested at 0.3 %. Fig. 15(a) depicts the fracture surface on a node on the 
inside of the specimen. Crack nucleation sites are visible all around the 
free surface, internal porosity and unmelted powders. On the contrary, 
the corner node reported in Fig. 15(b) reveals an irregular morphology 
ascribable to a partially ductile failure. Unfused powder particles within 
some of the internal pores can be noticed on the fracture surface. 

A clear difference in the amount of the regions characterised by fa-
tigue and ductile damage is not visible at different strain levels. This 
evidence might be explained by considering that all the specimens failed 
gradually without a sudden separation, leading to a failure dominated 
by fatigue damage. A further explanation could be that all the tested 
strain levels are high enough to result in the same failure mechanism. In 
fact, also the specimen tested at a strain amplitude of 0.3 % failed at a 
rather low number of cycles (Nf = 492). 

Differently from FBCCZ, the fracture surfaces of gyroid specimens 
extend in multiple planes. The gyroid specimen tested at 0.5 % strain 
amplitude is examined in Fig. 16(a, b). In the gyroid cell, nodes are not 
as easy to be identified as in FBCCZ; moreover, different gyroid cells 
failed at distinct locations. Nevertheless, the majority of cells failed in 
the same most stressed region due to the combination of bending and 
tensile loadings. Actually, as discussed by Yang et al., a small torsional 
load is also present at the same position [29]. In Fig. 16(c), a fracture 
dominated by fatigue damage is evident, whereas no signs of ductile 
fracture are visible. Fatigue striations can be noticed in Fig. 16(e) in the 
middle of the surface. Similar fracture morphologies were observed for 
most of the cells and only a few failed by ductile damage. One of the cells 
that failed by static loading at the end of the test is reported in Fig. 16(d). 
The presence of dimples at smaller scale, see Fig. 16(f), confirmed the 
nature of the fracture. In Fig. 16(d), unfused powder particles are visible 
inside the fracture surface, indicating the presence of lack of fusion 
defect. 

In the same way as the node in Fig. 16(c), some cells were likely 
fractured only by fatigue damage. The absence of an overload zone with 
dimples in the case of tension–compression was also noticed by Lietaert 
et al. [34]. Similarly, Yang et al. stated that this distinct morphology is 
due to the redistribution of stresses to the adjacent cells [29]. The same 
authors also indicate that fracture features related to shear sliding and 
torsion were seen in some surfaces, leading to a complex fracture 
morphology. In the present work, such features are less evident, though 
the fracture morphology differs from that typical found in loading mode 
I only. Some hints of the propagation of cracks by shearing are identified 

in the fracture surface of the specimen tested at 1.2 % strain amplitude, 
as shown in Fig. 17(a). Another characteristic reported by Yang et al. is 
the presence of frictional grooves due to the cyclic contact between 
surfaces that were already separated. A similar characteristic is also 
found in the current study, as reported in Fig. 17(b), where some flat-
tened faces are evident. 

Fracture surfaces of the gyroid specimens tested at 0.5 % and 1.2 % 
strain amplitudes exhibited analogous characteristics despite the dif-
ference in the imposed strain level. The same reason explained for the 
case of FBCCZ specimens can be extended to the gyroid structure. 

4. Conclusion 

Specimens with a strut-based (FBCCZ) and a TPMS-based (skeletal- 
gyroid) cellular structure made of AISI 316L steel were manufactured by 
L-PBF. Assessment of the geometry and dimensions of the produced 
specimens proved the quality of the process. Axial tension–compression 
fatigue tests in strain control were carried out at different strain am-
plitudes to investigate the cyclic elastoplastic response and low cycle 
fatigue behaviour of these materials for the first time. 

The outcomes of the present experimental campaign are summarised 
as follows:  

• The cyclic elastoplastic response highlights a stiffer behaviour and 
higher maximum stresses of the FBCCZ as compared with the TPMS 
structure, alike the quasi-static properties. Both the cellular materials 
experienced a fast cyclic hardening in the first five cycles, followed 
by a cyclic softening, similar to what observed for the analogous bulk 
material tested in a previous study of the authors. Differently from 
the base (bulk) material, cellular materials suffered from a pre-
dominant linear cyclic softening. The linear cyclic softening, which 
dominates the fatigue life, is correlated with a decreasing tensile 
elastic modulus. Such a linear cyclic softening is thought to be caused 
by the progressive initiation and propagation of microcracks, as seen 
from the fractographic analysis showing multiple crack initiation 
sites.  

• The characteristic morphology of the gyroid lattice structure ensured 
a more even distribution of stresses and strains which turned out to 
provide a substantially better low cycle fatigue strength than the 
FBCCZ, which is instead weakened by the presence of sharp notches 
(stress raisers). The gyroid cellular material approaches the strain- 
life curve of the base material, whereas the fatigue life of FBCCZ is 
one order of magnitude lower at a specified strain amplitude. 

Fig. 15. Fracture surfaces of the FBCCZ specimen tested at 0.7 % strain amplitude: (a) internal node with multiple crack nucleation sites along the free surface and 
(b) corner node with an irregular fracture morphology and several pores with unfused powder particles. 
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• Fractographic analysis reveals that FBCCZ structures failed at the 
nodes between two rows of cells, showing a planar fracture surface. 
On the other hand, gyroid specimens exhibited fracture surfaces that 
extended on more than one row. Clear signs of fatigue crack propa-
gation are visible on most surfaces, whereas cells with ductile frac-
ture morphology are rare. Dross near downward-facing walls, high 
surface roughness and gas or keyhole pores are identified as crack 
nucleation sites and might play a role in the reduction of the total 
fatigue life. 

In conclusion, these results suggest that the skeletal-gyroid cellular 
material is to be preferred for structural applications in which cyclic 
strain is imposed, in the low cycle fatigue regime. While the FBCCZ 
lattice material is better suited for static loading conditions, particularly 
when high stiffness is sought. 
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