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ARTICLE INFO ABSTRACT
Keywords: Additive Manufacturing (AM) technologies are at the forefront of technological development in machine design
Additive manufacturing as they allow the production of complex parts with high stiffness-to-weight ratios, such as lattice structures, that

Lattice structures

Defect-tolerant fatigue design
Linear Elastic Fracture Mechanics
Notch-Stress Intensity Factor

conventional production processes cannot manufacture. Despite the advantages of AM and lattice structures,
their potential is currently limited by concerns related to their fatigue strength due to process-related intrinsic
defects. Considering that fatigue is a leading cause of mechanical failures that require costly maintenance, the
interest in understanding the fatigue strength of AMed lattice structures is evident.

This work explores the applicability of the Linear Elastic Fracture Mechanics (LEFM) for predicting the fatigue
limit of lattice structures, building on the positive results obtained for AMed fully-dense materials. It includes a
literature review of the experimental fatigue analysis of lattice structures, highlighting the experimental evidence
of the fundamental role of AM defects and notches on the fatigue strength of AMed lattice structures. The
main conclusions are that AMed lattice structures should be considered defective and notched materials, and
the fatigue assessment should be performed with LEFM-based approaches. Lastly, this paper validates LEFM-
based predictions against 400+ experimental data for AMed materials from the literature, including small-sized
specimens and lattice structures.

1. Introduction This method is particularly advantageous for producing small, intricate
components such as lattice structures. On the other hand, DED is more

The increasing demand from the industry for light but reliable and suitable for creating larger parts, as the nozzle and energy source can
stiff structures is propelling the development of Additive Manufacturing be mounted on robotic arms, leading to a seemingly infinite building

(AM) technologies of metallic materials, especially in the automotive,
biomedical, and aerospace industries.

AM for metallic materials is a cutting-edge technology that builds
parts layer by layer, creating complex geometries that may be im-
possible to achieve with conventional subtractive processes. The most
common technologies for metallic materials can be divided into two cat-
egories: Powder Bed Fusion (PBF) and Direct Energy Deposition (DED).
As depicted in Fig. 1, the process involves the melting and subsequent
rapid solidification of metallic powders using an input energy source,
usually a laser or an electron beam. In PBF processes, Fig. 1 a), a scraper
distributes a thin layer of powder across the build area, and the laser

volume or building on top of already existing parts. Among the possibil-
ities AM offers, lattice structures (or cellular structures, metamaterials,
architected materials, stochastic materials, and trabecular structures),
in particular, stand out. These structures are obtained by the repetition
in the space of a Unit Cell (UC, or Elementary Cell) of struts and nodes
or thin sheets and, at the apparent macroscopic scale, are characterized
by mechanical properties different from that of the base material.

Lattice structures can be classified into two different categories de-
pending on their architecture:

(or electron beam) selectively scans and melts the powder to form the + strut-based lattice structures, composed of nodes connected by
desired geometry layer by layer. In contrast, DED processes, Fig. 1 b), struts, which can be further divided into (i) stretching-dominated
deliver the powder through a nozzle, which is simultaneously melted if, by replacing all the nodes with spherical joints and consider-
by the energy source to build the part. PBF processes are conducted in ing the struts as links, the UC does not exhibit internal degrees of
a highly controlled environment, resulting in finer, more precise parts. freedom; (ii) else, bending-dominated.
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List of symbols

E or Ey, Ej ;. Young’s modulus of the base material and of the
homogeneous material associated with the lattice struc-
ture at the apparent macroscopic scale, respectively

porp, Density of the base material and of the homogeneous ma-
terial associated with the lattice structure at the apparent
macroscopic scale, respectively

y singularity exponent of the stress field ahead of notches
and cracks

K; Stress Intensity Factor (SIF)

KI" Notch-Stress Intensity Factor (N-SIF)

AKy, threshold SIF

AKY threshold N-SIF

AKy,1c fatigue crack propagation threshold for long cracks

te elastic stress concentration factor referred to the gross sec-

tion of the specimen

ag El Haddad-Smith-Topper material constant

a reference dimension of a crack or notch size

area  square root of the area of a defect projected onto the plane
perpendicular to the maximum principal stress
Aot effective crack size

a, a, geometric shape factor for a component containing a crack
or a notch, respectively

o, remote gross nominal stress

Ao, range of the remote gross nominal stress

Aoy,  threshold range of the remote gross nominal stress

Aoy plain specimen fatigue limit (in terms of stress range)

HV Vickers Hardness

N¢ number of cycles to failure
oy yield strength of the material
R force ratio

List of acronyms

AB As-Built

AD As-Designed

ALM Atzori-Lazzarin-Meneghetti
AM Additive Manufacturing
AMed  Additively Manufactured
BD Building Direction

DS Down Skin

EHST El Haddad-Smith-Topper
FCIS Fatigue Crack Initiation Site
HIP Hot Isostatic Pressing

LOF Lack Of Fusion

LEFM Linear Elastic Fracture Mechanics

NPC Non-Propagating Crack

N-SIF Notch-Stress Intensity Factor

PBF, L-PBF, EB-PBF Powder Bed Fusion, Laser-PBF, Electron Beam-
PBF, respectively

SIF Stress Intensity Factor
ucC Unit Cell
Us Upper Skin

a) Controlled environment, Nozzles for powder
inert gas flow and inert gas
Controlled b)
mirrors to
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Fig. 1. Schematic representation of the AM processes for metallic materials; a)
PBF processes, b) DED process.

« sheet-based lattice structures if their UC is made of thin plates,
which can be subdivided into open and closed cells.

The growing engineering interest in lattice structures over the past few
decades can be explained by analyzing the relationships proposed by
Ashby and Deshpande in [2] between the elastic modulus and the den-
sity of lattice structures at the apparent macroscopic scale (subscript
lattice) and the base material that they are made of (subscript 0):

Elatlicc — const. < Plattice >y (1)
Ey Po

where: y =1 for stretching-dominated structures, while y =2 for ben-
ding-dominated structures. Leary et al. [3], showed that equation (1) is
capable of capturing the behavior of lattice structures; however, large
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Fig. 2. Materials selection diagram for optimal stiffness-to-weight ratio; data
for metals and composites materials from ANSYS Granta Material Selector, data
for human bones from [1]. Optimal selection curves in the bottom right are f
for beams under axial loading, ,,TEz for beams under bending loading, and p% for
plates under bending loading.

scatter bands are required (const. = 0.1 +4), mainly due to the manu-
facturing defects. Concerning Fig. 2, note that

1. lattice structures allow to obtain stiffness-to-weight ratios compet-
itive with those of composite materials. This, combined with the
high geometry freedom of the AM process, renders this class of
structures particularly suitable for producing light, stiff, and reli-
able structures [4];

2. the lower the relative density of the lattice structure (p, = ”‘“;%),

the higher the stiffness-to-weight ratio, thus, for a given stiffness
target and UC size, the smaller individual features, the lighter the
structure. At the current state-of-the-art, powder-based AM tech-
nologies can manufacture features on the scale of approximately
100 pum; as a result, sheet-based UCs are larger than struts-based.
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Fig. 3. Topology of some common UCs adopted in the literature.

Recent developments with different technologies allow the manu-
facturing of significantly smaller parts in the range of ~ 1 + 100nm
[5,6].

3. the ability to replicate the stiffness of the human bone, combined
with that of producing materials with negative Poisson’s ratio on
the apparent macroscopic scale (auxetic lattice structures), signifi-
cantly increases the bio-compatibility for bone implants by reduc-
ing the bone shielding phenomenon and favoring the osseointegra-
tion [7-9]. Additionally, the geometry freedom enables the pro-
duction of patient-specific bone implants, further increasing their
bio-compatibility.

Furthermore, lattice structures can be designed to assess multiple func-
tions simultaneously; some relevant examples from the literature are:
load-carrying heat exchangers [10]; bone implants storing antibiotic
drugs in the voids of the lattice structure [11], a novel leading edge of
an airplane wing capable of withstanding the aerodynamic loads and
bird-strikes, while also integrating the anti-ice system functions [12].
For further readings on the possible applications of lattice structures,
the interested reader is referred to [3,13,14].

The specific industrial application, the design targets, and tech-
nology limitations guide the selection of the proper UC architecture.
The rules of thumb are: sheet-based lattice structures are better suited
for heat exchangers given their high surface-to-volume ratio - al-
though size limitation may lead to struts-based lattice structures with
higher surface-to-volume ratios; avoid building struts of size below
0.2 + 0.3 mm, and features with orientation angle below 30 + 35°deg;
introduce smooth transitions from fully-dense portions to lattice struc-
tures to reduce stress concentrations at the transition region. The most
common UCs found in the literature are reported in Fig. 3. Achiev-
ing the optimal selection may involve design optimization procedures
(e.g., topology optimization, lattice optimization) to tailor the lattice
architecture to the desired mechanical characteristics that are currently
available in commercial FE software.

Currently, the use of AMed lattice structures in critically loaded
components is limited due to concerns related to their structural in-
tegrity, especially under fatigue loading, arising from AM process-
specific peculiarities. In particular: (i) the pronounced surface rough-
ness and the internal defects that may favor fatigue crack initiation
and growth, (ii) the strong residual stresses in As-Built (AB) condi-
tions, and (iii) the high defect sensitivity of AMed microstructures in
AB conditions. These factors collectively contribute to the poor fatigue
strength of AMed materials compared to their counterparts obtained
by conventional processes. Moreover, the fatigue assessment is com-
plex considering: (i) the potentially significant discrepancy between
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Fig. 4. Stress concentrations at strut junctions and defects such as internal voids
and surface roughness; a) and c) adapted from [20] with permission from EL-
SEVIER; b) adapted from [21] with permission from ELSEVIER.

the As-Designed (AD) and As-Built (AB) geometry of the component
[15-19], (ii) the inherently notched nature of lattice structure and the
manufacturing defects leading to severe stress concentrations and local
multiaxial stress fields, (iii) the unpredictability of the defect distribu-
tion based solely on process parameters and the geometry of the part,
and (iv) the lack of regulations standardizing either the experimental
testing of lattice structures and their fatigue assessment. Lastly, the pos-
sibility of structural health monitoring is minimal, and on this topic, the
literature concerning real structures is scarce.

At the current state of the art, the fatigue assessment of AMed lattice
structures is typically performed with a nominal approach. It requires
the calculation of the applied nominal stresses, either considering the
homogenized material associated with the lattice structure at the ap-
parent macroscopic scale or employing the beam theory for individual
struts. The obtained stresses are then compared with an experimentally
calibrated 6 — N; curve to estimate the component’s fatigue life. The
main limitation of the method is that it neglects the effects of the stress
concentrations at: (i) the notches, such as strut junctions, and (ii) the
defects inherent to the AM process, as illustrated in Fig. 4.

Experimental results show that lattice-structure fatigue cracks initi-
ate from surface defects or internal defects close to the surface, charac-
teristic of the AM process. Assuming the presence of Non-Propagating
Cracks (NPC) originating from such defects at the fatigue limit (as ex-
perimentally seen for various metallic alloys typically used to produce
lattice structures), the estimation of the fatigue limit should be per-
formed with a local approach based on the Linear Elastic Fracture
Mechanics (LEFM). In the literature, there are several successful ap-
plications of LEFM-based models for un-notched AMed materials (e.g.,
[22-33]) but very few for notched materials [31,34,35] and, to the best
of the author’s knowledge, none for lattice structures. Only a few stud-
ies have explored the use of methods based on the Theory of Critical
Distances (TCD) [36-38] to lattice structures considering the presence
of the AM defects.

The present work is based on extensive research of the relevant sci-
entific literature on the fatigue strength of lattice structures, conducted
by analyzing articles indexed in Scopus and Web of Science databases.
The literature search focused on articles containing the following words
in the title, abstract, and keywords: “lattice structures” OR “metama-
terials” OR “architected materials” AND “fatigue”, limiting the search
to the fields “Fatigue Of Materials”, “Fatigue”, “Cracks” in Scopus and
“Metallurgical Engineering”, “Nanofibers, Scaffolds & Fabrication” and
“Mechanics” in Web Of Science. Due to the scarcity of data available
in the literature on the fatigue behavior of AMed lattice structures, the
review also builds on previous knowledge on the fatigue behavior of
metallic materials weakened by defects and notches, both convention-
ally and AMed.
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The present article is organized as follows:

» Section 2 discusses the defects characteristic of the AM process,
focusing on aspects detrimental to fatigue strength;

 Section 3 delves into the fatigue assessment of notched and de-
fective materials, examining the competition between notches and
defects;

* Section 4 provides a comprehensive review of the experimental
analysis of fatigue behavior in AMed lattice structures;

» Section 5 proposes a validation of the Defect Tolerant models pro-
posed in the theoretical background against data from the scientific
literature for AMed materials and lattice structures, highlighting
the potential of the approach;

« finally, in Section 6 the final remarks.

Although the design optimization of lattice structures and the opti-
mization of process parameters are essential to taking advantage of the
potential of AMed lattice structures, this article does not discuss these
topics in detail. While a thorough analysis regarding the optimization
of the process parameters is beyond the scope of the present work, it is
the author’s opinion that optimization procedures, at the current state
of the art, often lack a fatigue design criterion that includes the mate-
rial-microstructure-loading conditions system besides part’s geometry.
Nonetheless, the interested reader is referred to [39-45] for further in-
sights into the fatigue design and optimization of UCs, and to [46,47]
for a comprehensive review of guidelines on the design for additive.

2. Characteristic properties of AMed materials

At the current state of the art, Additive Manufacturing technologies
cannot produce defect-free materials. Instead, AMed parts exhibit a se-
ries of peculiarities that are detrimental to their fatigue strength and
pose challenges when performing the fatigue assessment:

+ the pronounced surface roughness and large internal porosities that
act as a stress raiser and thus promote fatigue crack initiation and
growth;

the presence of significant residual stresses, typically tensile near
the outer surface, that are detrimental to the fatigue strength and
alter the nominal stress field;

the potentially notable discrepancy between the nominal As-
Designed (AD) geometry and the As-Built (AB —i.e., the conditions
of the parts when removed from the building platform before any
post-processing treatment) geometry, altering the mechanical re-
sponse from that of the nominal geometry.

This Section covers the aforementioned characteristic properties of
AMed materials in AB conditions and how post-processing treatments
can mitigate their effect. The microstructure of AMed materials and the
quantitative influence of individual process parameters on the defect
distribution are not discussed. Although these topics are valuable and
relevant, they are beyond the scope of this review article and are better
suited for dedicated analysis; only some qualitative notes on the influ-
ence of the most important process parameters are reported here.

2.1. Surface roughness and internal porosity

Although it is possible to improve the surface finish through machin-
ing processes (e.g., turning, milling, and grinding) or chemical etching,
the surface roughness in AB conditions requires a thorough analysis for
the following reasons:

» for specific applications, a pronounced surface roughness can be
beneficial. For example, increased surface roughness is preferred
in the biomedical field as it enhances the biocompatibility of bone
implants [48];
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Fig. 5. Schematic representation of the surface roughness characteristic of
AMed materials in AB conditions for inclined parts.

- complex geometries, such as lattice structures, prevent using me-
chanical machining, as reaching all parts of the structure may be
difficult, if not impossible.

Concerning Fig. 5, various types of surface defects can be distinguished,
including:

partially melted powder particles, which tend to aggregate in the
Down Skin (DS) side;

defects caused by irregular stacking of successive material layers,
leading to crack-like defects normal to the building direction, that
are highly detrimental to the fatigue life [49];

inclined parts exhibit a staircase-like surface due to the approx-
imation made during the slicing operation, where the three-
dimensional part is sliced into layers of constant thickness equal
to the layer thickness. The magnitude of this phenomenon varies
with the printing angle § and layer thickness as depicted in Fig. 5;
the increased surface roughness at the DS side, caused by the sink-
ing of the melt material in the unmelted powders.

While surface defects, if present, typically govern fatigue behavior, it is
also important to consider internal or sub-surface defects for the follow-
ing reasons:

- internal porosities may emerge after treatments aimed at improv-
ing the surface finish, resulting in surface or sub-surface defects;

« for porosities, the thin bridge of material separating the pore from
the surface could be broken in the early stages of the fatigue life of
the component, leading to the formation of a large surface defect.

Concerning Fig. 6, two different internal void morphologies can be dis-
tinguished:

« nearly spherical pores, that can be classified as (i) gas porosity —
in red in Fig. 6 — and (ii) keyhole porosity — in green in Fig. 6.
The former is generally inherent to the AM process and difficult, if
not impossible, to eliminate and small in size. The latter is larger,
potentially traversing multiple layers, and tends to aggregate near
the surface; it appears spherical in the core of the component while
elongated near the outer surface [19,50]. Although fatigue crack
may initiate at such porosity (e.g., [51] for lattice structures), it is
rarely the leading cause of fatigue failure. Keyhole porosities are
generally attributed to excessive laser power;

voids with a flattened, almost planar geometry and irregular edges
that can be connected directly to the outer surface, named Lack
Of Fusion (LOF) defects — in blue in Fig. 6. Experimental evidence
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Fig. 6. Schematic representation of the internal porosities characteristic of
AMed materials in AB conditions.

shows that this type of porosity is responsible for poor fatigue re-
sistance and material anisotropy (e.g., [52])

It is worth mentioning that with recent advancements in PBF technol-
ogy, it is now possible to produce components with relative porosity
exceeding 99.9% and with rare LOFs (e.g., [53-55]).

2.1.1. Process parameters influence
The process parameters that mostly influence the surface finish and
the internal porosity are:

a) C
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the orientation of the part with respect to the building direction;
the laser power and speed, which effects are closely linked to layer
thickness and the hatching distance;

the absolute dimensions of the printed part;

the powder properties, in particular, its geometry, size, and poros-
ity;

the printing strategy.

The following paragraphs qualitatively discuss the influence of the pro-
cess parameters on the internal porosities and surface roughness, em-
phasizing potential issues specific to AMed lattice structures.

Fig. 7 a) plots the surface roughness measured by R, or .S, depend-
ing on the building direction 9. The figure shows that: (i) the surface
roughness on the US is almost constant to changes of the printing angle,
and (ii) the surface roughness in the DS rapidly increases for 9 < 45°.
Similarly, keyholes tend to aggregate near the DS, especially for reduced
printing angle [19].

These phenomena are particularly evident in lattice structures,
where horizontally, inclined, and vertically built features exhibit dis-
tinct defect distributions. Consequently, several authors suggest avoid-
ing features with low printing angles to minimize the defectiveness of
the final part. For example, the diamond UC, which enables the produc-
tion of parts where the struts are printed with the same building angle
of 9 =54.5°, is preferred over the cubic UC with horizontally built struts
(e.g., [69]).

To examine the combined influence of the laser power and scanning
velocity, the energy density is defined as:

P

Eg=g- hi 2

where: P is the laser power, v is the scanning velocity, h,t are the
hatching distance and the layer thickness, respectively, and g is the
energy absorption factor. Fig. 7 b), inspired by the review article of
Shao et al. [70], plots the relative density of the manufactured part p,
to changes of the energy density E,; note that there exists a range
of E,; in which the relative density remains almost constant and >
99.9%. Regarding the surface roughness, higher energy densities lead
to higher surface roughness at the DS and lower at the US [71]. Due
to the smaller size of lattice structures, the building structure transfers
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Fig. 7. Process parameters influence; a) effect of the building orientation on the surface roughness — experimental data from [19,56-60]; b) effect of the energy
density on internal porosity — the x-axis plots the normalized energy density against the energy density leading to the maximum relative density, experimental data
from [61-67]; subfigures from [59,64,65,68] reproduced with permissions from ELSEVIER.
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less heat away from the melt pools; thus the process parameters used
for lattice structures should have reduced energy densities compared to
those for bulk, fully dense parts. In a recent study from Van Hooreweder
et al., [72], they showed the effectiveness of multiple contour scanning
for lattice structures with a diamond UC with struts diameters below
0.5 mm.

Lastly, various strategies involving in-situ laser remelting with var-
ied process parameters and scanning strategies are being developed to
reduce internal porosity, especially keyhole, improve the surface fin-
ish, and alter the residual stress field; notable examples are reported in
[73-76].

2.1.2. Post-processing techniques
The most used processes to smoothen the surface and/or meet any
dimensional tolerances are:

» mechanical machining, that is limited by the potential complexity
of AMed parts: some surfaces may be unreachable by traditional
tools, as is the case of lattice structures or hollow parts. Interest-
ingly, machining processes alter the microstructure and introduce
residual stresses in a thin layer of material near the machined sur-
faces [35,771];

chemical, electrical, or electrochemical etching, that allows the re-
moval of material from surfaces inaccessible to conventional tools
and thus finds successful applications for complex geometries such
as lattice structures or hollow parts. However, it cannot remove
deeper defects, as observed by several authors (e.g., [49,78]), and
primarily affects the outermost unit cells (UCs), becoming less ef-
fective deeper within larger lattice structures.

Note that porosities will likely emerge after material removal tech-
niques (e.g., [24,79-81]); considering that the distribution of internal
voids is not constant through the thickness of the part (e.g., [19]), at-
tention should be paid to the thickness of material removed [81].

Performing the Hot Isostatic Pressing (HIP) process, which consists
of a heat treatment in a high-pressure environment, leads to significant
reductions in the internal porosity [58,62,68,82-95]. However, it is im-
portant to note that:

+ the gas entrapped in the pores does not dissolve in the crystal lat-
tice of the metallic material; therefore, porosities are not closed but
significantly reduced in size (e.g., [68,84,95,96]).

for near-surface pores, the elevated temperatures and high-pressure
characteristic of the HIP process lead to the failure of the bridge
of material separating the pores from the surface, preventing its
closure [97,98]. Given the small scale of individual geometrical
features of lattice structures, internal porosities are also near the
surface, and several works highlighted the scarce effectiveness of
HIP when compared to HT at similar temperatures [20,21];

the elevated temperature and long hold periods required to close
the pores may lead to the formation of coarse and soft microstruc-
tures. Consequently, additional heat treatments are often necessary
to strengthen the material, during which pores can reopen, thus
mitigating the effect of the HIP treatment (e.g., for AlSi10Mg, sev-
eral authors [99-101] showed that the HIP treatment could be even
counterproductive);

2.1.3. Characterization techniques

The characterization of surface roughness for traditional bulk struc-
tures typically employs optical or laser profilometers or digital micro-
scopes. However, when the geometry is too complex, as in the case of
lattice structures, uX-CT is usually preferred.

Regarding the characterization of internal porosities, various me-
thodologies are available; the most established in the literature are: (i)
the Archimedes method, which allows the measurement of the rela-
tive density without providing any information on the position, shape,
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and size of individual pores; (ii) fractographic analysis, by SEM, optical
or digital microscopes, that are destructive techniques for characteriz-
ing the position and shape of individual pores, but not their volume;
(iii) uX-CT, which is the most comprehensive method for the complete
characterization of all defects; however, it is time-consuming, requires
sophisticated equipment, and has limitations related to measurement
depth and resolution.

2.2. Geometry discrepancy

Due to several factors, including (i) high surface roughness, (ii) stair-
case effect, and (iii) sinking of melt pools into the powder bed, the AB
geometry always differs from the AD one. This is particularly critical
for lattice structures, where the size of individual features is so small
that such discrepancies can significantly alter the mechanical response
of the component (e.g., [17,18,72,102-111]). Concerning Fig. 8, the
following peculiarities can be distinguished:

for the same nominal cross-section and process parameters, hori-
zontally and inclined built struts typically have larger cross sections
than vertically built ones [15,60,112];

the cross-section is not constant and can show significant variations
along its axis [69], with sudden reductions [16,17,59,113-115];
horizontally and inclined built struts exhibit ovalized cross-
sections, characterized by high surface roughness in the DS
[103,113,116,1171;

the axis of AB struts may be different from that of the AD geometry,
leading to a significant offset between the nominal axis and the
geometric area center of the AB geometry [18,102,104];

for strut-based lattice structures, nodes are typically larger than the
nominal geometry [18,113].

These observations show that CAD models should be created consider-
ing the geometric distortion that occurs while manufacturing parts, a
process known as compensation (e.g., [15,113]).

2.3. Residual stresses

The AM process is characterized by intense residual stress states in
AB conditions intimately linked to the AM process. The high thermal
gradients experienced by the material during the process lead to the
rapid solidification of the melt without allowing sufficient time for the
surrounding material to accommodate the solidification shrinkage. As a
result, surface tensile residual stresses are obtained, that are detrimental
to the component fatigue strength as they promote crack initiation and
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growth. Experimental evidence shows that residual stresses in AB con-
ditions can reach a significant fraction of the material’s yield strength,
especially near the outer surface of the component [31,118-121]. While
in general performing a stress relief heat treatment may improve the fa-
tigue strength of AMed materials (e.g., Ti-6Al-4V [122]), the changes
introduced in the microstructure by the heat treatment could ultimately
reduce the fatigue strength (e.g., [123] for an AlSi10Mg alloy).

2.4. Summary

At the current state of the art, the AM process cannot produce defect-
free materials; instead, AMed materials are weakened by internal and
surface defects. Such defects are characterized by a flattened crack-like
geometry and tend to be aligned with the building platform. As a re-
sult, the mechanical properties of the produced materials are inherently
anisotropic on a macroscopic scale.

Furthermore, the AB geometry always differs from the AD geome-
try (e.g., strut waviness, enlarged nodes, ovalized cross sections). Thus,
the design of lattice structures should account for such defects, limit-
ing, for example, the printing angles or the minimal size of individual
struts.

3. Theoretical background

It is well-known that cracks, defects, and notches are particularly
detrimental to the fatigue strength of metallic materials as they act
as stress raisers, favoring fatigue crack initiation and growth [124].
Although the relationship between the size and severity of the stress
raiser and the fatigue limit may seem intuitive — the larger the defect,
the lower the fatigue limit — it deserves a dedicated discussion. These
topics are particularly relevant for AMed lattice structures, given their
notched nature and the defectiveness inherent to the AM process.

This Section introduces the fundamentals of the Linear Elastic Frac-
ture Mechanics (LEFM) for predicting the fatigue limit of metallic ma-
terials weakened by cracks. It includes a detailed discussion of the
non-conventional extensions of the LEFM for the fatigue assessment of
defective and notched materials. Although the stress field in the proxim-
ity of nodes of lattice structures may be multiaxial, even under remote
axial loading, the present Section does not discuss the multiaxial fatigue
strength of metallic materials. The complexity of the topic requires ded-
icated analysis beyond the scope of this article.

This Section will not discuss the applications of LEFM-based fatigue
analysis of lattice structures at the macroscopic apparent scale as in
[125,126] and [127-129] for metallic foams and honeycombs; instead,
it will discuss the applicability of LEFM to lattice structures analyzed at
the scale of individual UCs and defects

3.1. Linear Elastic Fracture Mechanics and defect sensitivity

Methods for predicting the fatigue limit of defective materials based
on the Linear Elastic Fracture Mechanics (LEFM) are derived from the
analytical description of the local stress state in the neighborhood of
mode I loaded cracks. Concerning Fig. 9, under the hypotheses of linear
elasticity, the stress field is characterized by a singularity with singu-
larity exponent y = 0.5 uniquely described by a single scalar quantity
called Stress Intensity Factor (SIF), Kj, that is linearly dependent to the
remote stress field, g [130]. Based on these observations, a concept
of similarity is implicitly assumed as highlighted by Ritchie and Suresh
[131], according to which two different cracks in the same material-mi-
crostructure system, under the same loading conditions, subjected to the
same SIF, will exhibit the same mechanical behavior. One can thus infer
that: (i) the crack propagation rate depends only on the material prop-
erties, the force ratio R, and the SIF applied as formerly proposed in
[132,133], and (ii) the threshold conditions can be uniquely identified
by a threshold SIF range, AK,;,. Taking advantage of the well-known re-

Materials & Design 244 (2024) 113077

ttt

ttt o

vy % yyy

—— Asymptotic approximation

71 =0
d 8
]

r,9 = 0, log

A —_—
K7 dominated zone Remote stress
zone

Fig. 9. LEFM reference system and schematic stress field along the crack bisec-
tor for a crack size 2a in an infinite plate.

lationship Kj =044/ - (aza), the fatigue limit, Ao, of any cracked
component can be estimated as:
AKin
Aoy = —— 3)
7 - (a2a)

where a is the crack size and « is a shape factor accounting for the
crack geometry,! highlighting that there is a scale effect between the
crack size a and the fatigue limit Ao, .

Paris and Erdogan, in the review article in 1963 [134], showed
the validity of this assumption for the prediction of the fatigue crack
propagation behavior of long cracks (black dashed line in Fig. 10 b)).
However, experimental evidence shows this hypothesis does not hold
for short cracks and would significantly overestimate the fatigue limit
(grey region in Fig. 10 b)). In particular, the fatigue limit of materials
weakened by short cracks (i.e., crack size approaching zero) approaches
asymptotically that of the defect-free un-notched material as repre-
sented in the Kitagawa-Takahashi (KT) diagram 1979 [135,136]. The
reduction in the threshold SIF range of short cracks is considered a
characteristic of metallic materials, and there are several experimental
evidence supporting this assumption for different metallic alloys (in-
cluding steels and aluminum alloys, pure copper, Ni-based alloys e.g.,
[133,135-141]). Based on these observations, from now on, the thresh-
old AK\;, of long cracks will be referred to as AKyy, |  and is considered
a material-microstructure-loading conditions property.

Understanding the transition from short-crack behavior to long-
crack behavior has been a relevant research area for the past five
decades and remains an ongoing topic. Various approaches have been
proposed to address this issue, with the most common being phe-
nomenological models that fit the experimental results and the two
asymptotes of the KT diagram. Among these, both the El Haddad-Smith-
Topper (HST) model [142,143] and the Atzorri-Lazzarin-Meneghetti
(ALM) model [144,145] stand out, with the latter extending the former
to cracks of any shape by introducing the effective crack size concept
(i.e., introducing the shape factor « in the crack size):

Aoff = (lz -a
AKpic ) “)

AKiyp1c X
Nl
7 (age+ag) |07 7 < Ao

Ao-g,[h =

1 Several authors use Y = \/;a instead of a.



F. Collini and G. Meneghetti

Materials & Design 244 (2024) 113077

a) b) Paris curve c) Atzori Lazzarin Meneghetti diagram
Schematic short cracks vs long cracks Cracked components components (2o = 0, p = 0)
[}
ati [ a ‘ -
? % ? Aoy ? % ? _ Schematic lqng | 9 Defect-free Short crack Long crack
- crack behavior | 27 region long crack region
% Schematic short - = e transtion region
L - =]
o~ crack behavior =
a9 _- E % Aog
28 C(AKD™ .7 s 3
% o Paris I/dvz - @ %0 AK, Lo :
o .
S e A= y/ 7 (acgr+ao)
2 5 g o :
3
_5 "U‘—g | SE <b]
g No propagation /! Propagation 3 . .
O according to /| according to 9} Schematic trend
LEFM 1 LEFM ED Atzori-Lazzarin-Mene-
A P S < ghetti prediction
vvy Ay iy . = e
AKh,Lc 0

Stress Intensity Factor, K, (log scale)

Effective crack size, aeg (log scale)

Fig. 10. Short crack vs long crack behavior; a) reference system and schematic stress field according to LEFM; b) crack propagation rate for long cracks and short
cracks in a Paris diagram; c) schematic ALM diagram for cracked components (K‘ g =00, 2a= O): prediction of the fatigue limit of cracked materials to changes of

the crack size.

where a, is a material-microstructure-environment characteristic length
(Fig. 10 c)). Other models aim to capture the physical phenomenon; the
most common are the cyclic R-curve analysis, formerly proposed by
Tanaka and Akinawa [146] ([147,148] for more recent developments),
and Newman’s modified strip yield model [149,150] ([151] for more
recent developments). In this paper, the fatigue assessment is limited to
the prediction of the threshold conditions with the ALM model, given (i)
the simplicity, (ii) the generality of the analytical formulation, and (iii)
the availability of the material properties required (i.e., Aoy, AKp 1)
either experimentally tested or estimated empirically. For applications
of other DT models for the fatigue assessment of AMed fully dense ma-
terials, also in the finite life regime, the interested reader is directed to
[152-157].

3.1.1. Formulation for defective materials

Studies conducted by Frost and Phillips on sharply notched steels
and aluminum alloys [137,138,159] revealed the existence of fatigue
cracks even at or below the fatigue limit, named Non-Propagating
Cracks (NPCs). This experimental evidence, later confirmed for several
metallic alloys with small artificial defects or notches (e.g., [160-165]),
and materials with inclusions (e.g., [166]), leads to the following con-
clusions:

« two different threshold conditions can be distinguished [167]: (i)
the threshold for crack initiation — at lower stress levels — and (ii)
the condition of NPCs — at higher stress levels?;

» small defects can be considered cracks for predicting the NPC
threshold conditions, as formerly suggested by Usami and Shida
1979 for casting defects [168].

To apply LEFM for predicting the fatigue limit of defective materials,
one should know the SIF of non-propagating cracks in threshold condi-
tions initiated from the defects; however, this may be very complex due
to the intricate geometry characteristic of AM defects. The most com-
mon approximation is the Murakami model [158,169,170], formerly
proposed for the rapid estimation of the SIF of cracks with arbitrary
shape and orientation between the principal loading direction and the
crack plane in infinite bodies with Poisson’s ratio v = 0.3, as schema-
tized in Fig. 11:

a = 0.65 surf.
Ki=aoy -y myares, { a=05int. ®

2 Note that corrosive environments and, or variable amplitude loading may
eliminate the threshold condition of NPCs.
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Fig. 11. Shape factor a of different crack geometries to changes of the angle
9 between the crack plane and the principal loading direction; adapted from
[158].

An alternative to the ALM model combined with Murakami’s y/area SIF
estimation model is the well-established Murakami’s /area, HV model
[171-173], valid only in the transition from short crack to long crack
behavior.

3.2. Notch fatigue and notch sensitivity

The experimental results of Smith and Miller [167] on sharply
notched specimens showed that notched metallic materials exhibit two
different fatigue behaviors depending on the acuity of the notch and the
material-microstructure-environment system: blunt notches — where the
fatigue limit is determined by the elastic peak stress at the notch root —
and sharp notches - where notches behave like long cracks of the same
length. This difference between blunt and sharp notches is known as
the notch sensitivity phenomenon and is considered a characteristic of
metallic materials.

Atzori and Lazzarin 2001 [174] inferred a connection between the
defect sensitivity, observed for short cracks and small defects, and the
notch sensitivity, characteristic of sharp notches. This intuition was
formalized in the Atzori-Lazzarin-Meneghetti diagram [144], where a
single design curve for predicting the fatigue limit of U-notches of any
shape and size (Fig. 12 b)) was proposed and validated against experi-
mental data showing promising results.
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Fig. 12. Atzorri-Lazzarin-Meneghetti (ALM) diagram; a) reference system and schematic linear elastic stress field at the V-notch tip; b) ALM diagram for U-notched
components [144]; ¢) ALM diagram for V-notched components [145]; adapted from [180].

Later, in [145], the diagram was extended to include also V-notches
(Fig. 12 ¢)), taking advantage of the analytical analysis of the stress field
of open V-notches from [175]. Concerning Fig. 12 a), the stress field
ahead of the notch tip of severe V-notches (i.e., small notch tip radius,
p, and large elastic stress concentration factors K;,) can be approxi-
mated with good accuracy to that of a sharp V-notch (i.e., p — 0), which
is characterized by a singularity with a singularity exponent, y;, depen-
dent on the V-notch opening angle (2« in Fig. 12 a) [176]) and that can
be described uniquely by a scalar quantity referred to as Notch-Stress
Intensity Factor (N-SIF, KI" , [177]). The interested reader is referred to
[175,178,179] for a detailed stress field analysis ahead of sharp and
rounded V-notches. Concerning Fig. 12 c), note that: (i) the obtained
diagram diverges to the KT diagram for cracks, where K, > co and
y; = 0.5; (ii) the design curves obtained for open V-notches are formally
identical to those of U-notches, with the only difference being the singu-
larity exponent y,; (iii) different design curves are obtained for different
V-notch opening angles (2a); (iv) the scale effect highlighted by the KT
diagram is present also for U- and V-notches in the sharp-notch region,
governed by the following equation:

AKY L
A _ Lth on
Ogth = —= > Qeft =@, @ (6)
a
eff

where: a. is the effective notch size of a notch in an infinite plate
subjected to the same SIF. Considering that lattice structures can be
designed to have very sharp notches, predictions based on the N-SIFs

could be very effective since they would not require the analysis of
defects.

3.3. Application of LEFM for AMed materials and lattice structures

The ALM combined with Murakami’s y/area SIF estimation model,
Equations (4) and (5) (or, similarly Murakami’s y/area, HV model), has
extensively been applied for AMed materials, showing promising results
for their fatigue limit prediction [22-26,31,33-35,49,52,58,77,93,94,
121,181-195]. In the following paragraphs, the applicability of these
models to AMed materials is further discussed, reporting the precau-
tions required for the fatigue assessment of AM defects and potential
issues peculiar to the small scale of lattice structures.

3.3.1. Estimation of v/area for irregularly shaped defects

Typical AM defects may have very complex shapes characterized
by deep concavities, as depicted in Fig. 13 b), which are known to
smoothen out, even at or below the fatigue limit due to the initiation
and growth of NPCs [169,196,197]. To account for the presence of such
NPCs, Murakami and Nasser, [169,196] suggested considering an effec-
tive crack obtained by smoothing the defect front (area dashed in red
in Fig. 13 a)). Several researchers followed these guidelines for AMed
materials (e.g., [52,93,94]). In contrast, others (e.g., [24,26,31,181])
considered the exact shape of the crack front, referred to as Beretta’s
guidelines from now on (area dashed in green in Fig. 13 a)). In the case
of shallow cracks - characteristic of the surface roughness profile of
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Fig. 13. Guidelines for measuring the crack size of an arbitrarily shaped defect: a) Murakami’s guidelines vs. exact defect front vs. BS 7910 guidelines; b) shallow
defects and deep defects; c) interacting defects; d) internal vs. near surface defects; e) internal vs. near surface defects considering surface roughness profile.

AMed materials — or deep cracks — characteristic of near-surface voids —
see Fig. 13 b).

Lastly, the standard BS 7910 [198] suggests considering a contain-
ment rectangle as the effective crack (black dashed line in Fig. 13 a)).

3.3.2. Defects interaction

If two or more defects are close, they may interact with one an-
other and, therefore, have a definite effect on the fatigue limit. Based on
the experimental and numerical results for artificial defects and cracks,
[169,199-205], Murakami [173] suggested to consider a unique defect
when their distance is smaller than the size of the smaller defect, else to
consider them separately (Fig. 13 c)). The standard BS 7910 [198] pro-
vides similar guidelines, with the only difference being the definition of
a rectangular effective defect.

3.3.3. Near-surface defects

For near-surface defects, it may be ambiguous to establish whether a
defect is to be considered internal or not due to the presence of the NPCs
that could connect it to the outer surface. Murakami [173] suggested
considering a single defect connected to the surface when the distance
of the defect to the surface is larger than the size of the defect itself,
otherwise internal (Fig. 13 d), and for defects near valleys of the surface
roughness Fig. 13 e)).

3.3.4. Orientation of defects with respect to the loading direction

Considering that LOFs and crack-like surface defects, typically asso-
ciated with fatigue crack initiation, are well aligned with the building
plane, when the first principal stress is not perpendicular to such plane,
the stress field ahead of the tip of the defect is multiaxial. Thus, proper
fatigue models should be employed to account for such multiaxiality.
Nevertheless, several researchers showed that Murakami’s model leads
to satisfactory results, provided that the y/area of the defect is projected
onto the first principal stress plane (e.g., [93,94] for AMed materials).
Note that AM defects may be immersed in a multiaxial stress field for
lattice structures, especially near the nodes, due to their inherently
notched nature. In these conditions projecting the area of the defect
on the plane is no longer sufficient, and proper material models must
be adopted (e.g., [173,206]).

Schematic surface roughness profile of a machined surface ®

T T T T

Periodic lateral cracks @

2b

Schematic AMed surface roughness

Fig. 14. Schematic surface roughness profile of: a) machined materials and b)
corresponding periodic cracks, adapted from [207]; ¢) AMed surfaces in AB
conditions, adapted from [208].

3.3.5. Shielding effect for the surface roughness

Concerning Fig. 14, it may be ambiguous to define the effective
crack size of a surface defect because adjacent peaks and valleys of
the surface roughness introduce a shielding effect. Similar observations
hold for internal voids, especially LOFs; however, LOFs lying on dif-
ferent planes rarely are aligned in the vertical direction, and thus, the
shielding effect is minimal.

Murakami et al. 1997 [207] investigated the shielding effect for the
periodic surface roughness profile depicted in Fig. 14 a), characteristic
of wrought materials. By comparing it to the schematic cascade of peri-
odic lateral cracks illustrated in Fig. 14 b), they proposed the following
relationship to account for the shielding effect:

2
0.652-2b(2.97% ~351 (i)
25 2b

—9474(%)3) (%)<0.195 ™

0.65%-2b-0.38, (%) >0.195

Aeff =

However, real surface roughness profiles of AMed surfaces are not pe-
riodic; instead, they are characterized by deep valleys and high peaks
as depicted in Fig. 14 c). Starting from the preliminary study of Gre-



F. Collini and G. Meneghetti

Semi-circular

—— crack (ﬁ = 1)

a

VW R N X b O
T

10% increase
for &€ ~ 0.2

A} [V

=

[ T S s T = T V)

A-A section for € = 0.1

e
o]
11 2s Y,

D

s

Fig. 15. Influence of the relative size between the crack size and the diameter
of the bar for a lateral crack in a finite bar. Shape factors for the elliptical crack
from [210]1, shape factors for elliptical cracks in infinite plates from [211].

itemeier et al. 2017 [209], several authors (e.g., [193,208]) suggested
accounting for the surface roughness profile of AMed materials in AB
conditions by substituting a = R, in Equation (7) and b = R, while
a = R, for hand polished surfaces. Interestingly, while in [193] account-
ing for the shielding effect provided accurate results, in [189], more
accurate predictions were obtained by considering a semicircular crack
of size a = R, and neglecting the shielding effect.

3.3.6. Influence of the crack size to cross-section ratio

Note that the estimation of the SIF with Equation (5) implicitly as-
sumes that the defects are substantially smaller than the cross-section
they affect. Therefore, the influence of the remaining ligament of the
material is negligible. This assumption may not hold for lattice struc-
tures, where the size of individual features of the UCs is so tiny that
they can be comparable to that of the manufacturing defects, potentially
causing significant underestimations of the SIF. For instance, consider-
ing a cylindrical bar weakened by semicircular defects, when the defect
size reaches about 10% of the cross-section, the impact of the remain-
ing ligament of material becomes increasingly significant, as depicted
in Fig. 15.

3.4. Summary

According to the authors, considering the inherently notched nature
of lattice structures and the defectiveness of the AM process, the fatigue
assessment should be performed with a defect-tolerant approach based
on non-conventional extensions of the LEFM to properly account for: (i)
the singularity in the stress field due to the defects, notches, and NPCs,
quantified by the SIF; (ii) the defect-sensitivity phenomenon using the
ALM model, Equation (4).

Given the complexity of the shape of AMed defects, the SIF of the
NPCs propagating from such defects should be estimated using Mu-
rakami’s y/area model, Equation (5), accounting for: (i) the potential
interaction between defects; (ii) the potential presence of multiaxial
stress fields ahead of defects; (iii) the influence of the notch-defect in-
teraction; (iv) the influence of the relative size between the crack and
the geometry weakened by the crack.

Lastly, in a potential future where AM is capable of producing
defect-free materials, the fatigue assessment should be performed with
an N-SIF approach to account for the notch sensitivity phenomenon as
described in the ALM diagram, Fig. 12.
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4. State-of-the-art review of the experimental assessment of the
fatigue behavior of AMed lattice structures

The unreliability of AMed lattice structures when subjected to fa-
tigue loading and the difficulties in their fatigue assessment have sig-
nificantly hindered their application in critically loaded components. As
a result, extensive research has been conducted to investigate their fa-
tigue strength, as highlighted by the numerous publications in this field.
Given the lack of standards regulating the experimental analysis and
the assessment of lattice structures subjected to fatigue loading, several
testing procedures and design approaches have been proposed to ad-
dress different research questions. Despite the effort, the complexity of
their geometry and manufacturing defects continue to pose challenges,
preventing a complete understanding of their fatigue behavior.

This Section offers a comprehensive review of the experimental anal-
ysis of the fatigue behavior of lattice structures, providing an overview
of the key findings reported in the literature. The discussion begins by
focusing on the phenomenology of the fatigue-damaging mechanisms
of AMed lattice structures, with a detailed analysis of the Fatigue Crack
Initiation Site (FCIS). Then, the influencing parameters, such as the ar-
chitecture of the UC or the loading conditions, are analyzed. Lastly, it
addresses the challenges of the experimental fatigue analysis of lattice
structures.

4.1. Phenomenology of fatigue damaging for AMed lattice structures

When subjected to cyclic loading, lattice structures show a signif-
icant reduction in stiffness before reaching catastrophic failure of the
component as depicted in Fig. 16 a). This behavior, observed in various
studies (e.g., [4,36,212,213]), is attributed to the progressive failure
of individual features throughout the lattice structure® (Fig. 16 b-c)).
When the resistant section is no longer sufficient to withstand the ex-
ternal forces, the component undergoes catastrophic failure, which can
occur in two different forms depending on the loading conditions: ei-
ther (i) separation of the component into two halves by static failure*
(Fig. 16 d)), or (ii) buckling of the UCs, which could be observed when
compression is involved (Fig. 16 e)).

Interestingly, the propagation pattern of failing UCs follows a precise
path, especially in HCF, dependent on (i) the UC topology and (ii) the
loading direction with respect to the UC as shown in Fig. 17. This is
attributed to a weak link inside each UC, which will be the most likely
site of failure, as suggested by Brailovski et al. [217].

4.1.1. FCIS in the UC

Considering the notched nature of lattice structures, the Fatigue
Crack Initiation Site (FCIS) is expected at the location of maximum
stress concentration, typically at nodes where two or more adjacent
struts meet. However, due to the defectiveness of AMed materials, this
is not always the case, and several researchers [36,113,218] observed
that fatigue failures may also initiate along the struts, where the stress
field should be very homogeneous. This is attributed to the following
reasons:

+ the Down-Skin (DS) of inclined struts may be characterized by
larger surface defects than those at the nodes [19], resulting in
more severe stress concentrations;

3 Note that after the failure of each feature, the loads are redistributed in the
surrounding UCs, leading to a variation in the stress amplitude and, potentially,
in the force ratio R, and in the local stress field. Therefore, even when subjected
to a macroscopic Constant Amplitude (CA) fatigue loading, a large portion of
the lattice structure experiences Variable Amplitude (VA) fatigue loading as
observed by several researchers [214-216].

4 Unlike conventional fully dense metallic materials, where uncontrolled
crack propagation occurs.
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» lattice structures can be designed to obtain elastic peak stresses at
the notch root very similar to that along the struts (e.g., Dallago et
al. [113] observed a stress concentration factor K., ~13 for cubic
UCs), thus mitigating the effect of the notch.

In more detail, concerning the schematic Fig. 18 a, b), Dallago et al.
[113] studied the fatigue strength and fatigue fracture location of lat-
tice structures with cubic UC with surfaces in AB conditions to changes
of the fillet radius at nodes while keeping the rest of the UC geome-
try fixed, and observed that for blunt notches fatigue crack initiation
may occur at nodes and along struts simultaneously, while it is closer
to the nodes for shaper notches. Furthermore, they observed that the
FCIS tends to be located at the DS side of nodes due to the more pro-
nounced surface roughness and porosity. Similar results are reported for
lattice structures with sharp (e.g., [36,221]) and blunt (e.g., [222,223])
notches. Note that these findings highlights that for the tested UCs, the
fatigue strength is controlled by defects rather than notches, and thus,
fatigue limit predictions based on the N-SIFs or the elastic peak stress
would be inaccurate. These observations are consistent with the results
obtained for notched defective materials or inhomogeneous materials
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Fig. 17. Favorable fracture planes for different UC geometries: a) and b) dia-
mond UC with [001] and [011] orientations, respectively, from [20,217], with
permission from ELSEVIER; ¢) TPSM Schwartz from [37], with permission from
ELSEVIER.
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Fig. 18. Schematic representation of the notch-defect interaction; a, b) influence
of the notch acuity on lattice structures with cubic UC adapted from the results
of [113]; ¢, d) influence of the notch acuity on V-notched cylindrical specimens,
adapted from the results of [219,220].

(e.g., for cast irons [224], or short fiber reinforced composites [225])
where the FCIS is not necessarily at the notch root. Concerning AMed
materials, Solberg, Berto, and coworkers [219,220,226] analyzed the
Fatigue Crack Initiation Site (FCIS) of vertically built U- and V-notched
specimens with surfaces in AB conditions to changes in the severity of
the notch and observed that: (i) the FCIS is not at the notch root, due
to the pronounced surface roughness of the overhanging surface of the
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notch, and (ii) the failure location approaches the notch root for sharper
notches (Fig. 18 ¢, d)) — similar results in [227].

These observations highlight the complex interaction and competi-
tion between the stress concentration inherent to the notched nature of
lattice structures (e.g., the nodes for strut-based UCs) and the character-
istic defects of the AM process (e.g., the pronounced surface roughness
or LOF defects).

4.1.2. Fracture surface analysis and FCIS

Given the scarcity of data for AMed lattice structures, the follow-
ing discussion also includes conventional materials to depict a more
complete picture of the fracture surface analysis. For materials with As-
Built (AB) surfaces, the FCIS is typically at deep and sharp valleys of the
surface roughness profile [26,28,29,31,32,96,121,188,208,229-231] as
shown in Fig. 19 a); however, several researchers (e.g., [26,28,29,121,
188,230-236]) reported the FCIS at LOFs connected to valleys of the
surface roughness profile, Fig. 19 b). Mechanical machining or chem-
ical etching can significantly reduce the severity of the surface rough-
ness; in these conditions, fatigue cracks initiate from internal defects,
typically LOFs, that emerge becoming surface or near-surface defects
[24,31,54,79,121,234,237-241], as shown in 19 c). Note that for more
recent works, the FCIS can be at smaller gas pores, Fig. 19 d), since
LOFs are significantly reduced in size and number, if not removed, by
proper adjustments of the process parameters [186,228,242]. Combin-
ing the HIPing process with the machining of the surfaces allows to ob-
tain almost defect-free materials, and fatigue cracks typically initiate at
weak microstructural features (e.g., a facets for Ti-6Al-4V [68,87,92])
as shown in Fig. 19 e).

4.2. Influencing parameters

4.2.1. Architecture of the UC

Several factors related to the architecture of the UC influence the
fatigue strength of lattice structures. Firstly, it determines how the ex-
ternal loads are redistributed among the features of individual UCs.
Thus, different UCs are characterized by different fatigue behaviors.
Additionally, the absolute and relative size of the individual features of
the UC play a crucial role for various reasons; for example, the poten-
tial presence of a scale effect, the size of the fillet radius at nodes, and
the slenderness of the struts.

To study the influence of the relative size of the features, several
works (e.g., [214,243-247]) investigated the role of the relative density,
Prel> defined as:

{

The experimental results showed that the lower the relative density,
the lower the fatigue strength since less material carries the load. In-
terestingly, when analyzing the lattice structure as homogeneous ma-
terials at the apparent macroscopic scale, several researchers (e.g.,
[212,217,243]) observed that the fatigue Ac — N; curves tend to col-
lapse when normalized for the yield strength of the lattice structure at
the apparent macroscopic scale 6Y, to changes of p, and the absolute
size of the UC. The obtained 22 — N; curves depend on the UC archi-

tecture (e.g., [248,249]); 1nterest1ngly those characterized by smaller
stress concentrations, such as the TPSM gyroid, typically show higher
fatigue strength [4]. However, concerning Fig. 20, the normalized fa-
tigue strength can exhibit significant variations for a given relative
density, even if the analysis is limited to the same material. As high-
lighted by Berto et al. [4], the proposed relationship fails to capture the
difference between fatigue and yielding, which are two distinct phys-
ical phenomena. In particular, p. neglects the acuity of the notches,
the absolute size of the UC, and the presence of manufacturing defects,
all of which have distinct impacts on the fatigue and yield strength of
metallic materials. Due to limited literature, understanding the impact

Plattice Plattice: 1attice structure’s density

Prel = T’

(8

po: base material’s density
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a) Ti—6Al—4V, surf AB, HT

Fig. 19. Crack initiation site for AMed fully dense materials: a) deep and sharp
valley of the surface roughness for AB surfaces, from [208]; b) LOF connected
to a valley of the surface roughness profile for AB surfaces, from [188], with
permission from ELSEVIER; c) near-surface LOF for machined surfaces, from
[54], with permission from ELSEVIER; d) near-surface gas porosity defect for
machined surface, from [228], with permission from WILEY; e) microstructural
defect — large a facets for HIPed and machined materials from [87], with per-
mission from ELSEVIER.

of these factors on the fatigue strength of lattice structures is challeng-
ing; nonetheless, the following observations can be drawn:

« for a given UC architecture, larger fillet radii at the nodes are re-
lated to higher fatigue strength, as reported by Dallago et al. [113]
where specimens with a cubic UC were tested to changes of the
fillet radii while keeping the other dimensions fixed;
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Fig. 20. Review of the data available in the literature for lattice structures AMed
from Ti-6A1-4V powders with diamond UCs from [20,243]; data only relevant
to R = 10, materials tested in air. The fatigue strength reported is the fit of the
experimental ¢ — N curves in the HCF regime estimated at 2 - 10° cycles. The
interested reader is referred to [4] for a more comprehensive analysis on the
influence of p,,;.

Cubic UC

Octahedron UC

Building
Direction

A Vertically built struts: crack-like defects and LOFs perpen-
dicular to the strut axis

B Horizontally built struts: strut waiviness, sudden variations
of the cross-section, ovalized cross-section

C Inclined built struts: crack-like defects,
ovalized cross-section, strut waiviness

staircase effect,

Fig. 21. Schematic representation of the influence of the UC on the defect dis-
tribution in each strut: cubic UC vertically built (top); octahedron UC vertically
built (bottom).

« for a given UC architecture, the influence of the absolute size of the
UC is negligible. In more detail, Dallago et al. [113], who tested
specimens with a cubic UC to changes of the absolute size of the
UC in geometry similitude, observed that the fatigue strength of
the associated homogenized material is almost constant, showing
that there is no scale effect;

reducing the surface roughness by Chemical Etching (CE) leads to
a substantial improvement of the fatigue strength (up to 50% ac-
cording to the results of [20,250] in the HCF regime).

Note that all these observations highlight that, at the current state of
the art, the fatigue strength is governed by defects and that fatigue
limit predictions based on N-SIFs would be inaccurate with reference to
the V-notches at lattice nodes. However, should advancements in AM
technology enable the production of near defect-free parts, this situation
may change, making N-SIF-based predictions more appropriate.

Lastly, considering the dependency of the defect distribution on
the relative orientation between the building direction and the part
produced, the UC architecture plays a crucial role in the defect dis-
tribution, as schematized in Fig. 21. Interestingly, for plain specimens
of sizes comparable to that of the struts of lattice structures, vertically
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built specimens exhibit higher fatigue strength than horizontally built
ones [59,114], contrary to larger specimens (e.g., [52,58,251,252] for
sections with diamaters in the range 1 + 10mm). This scale effect is
attributed to the relative scale of manufacturing defects and the spec-
imen size: for large specimens, the FCIS is typically at deep valleys
of the surface roughness profile or at LOF defects, which tend to be
aligned to the building plane; thus, these defects are aligned with hori-
zontally built specimens, leading to reduced stress concentration, while
they are perpendicular to the loading direction for vertically built spec-
imens, leading to higher stress concentrations. While these observations
also hold for small-sized specimens, the sudden reductions of the cross-
section depicted in Fig. 8 characteristic of horizontally built specimens
are much more detrimental than the small LOFs of vertically built small-
sized specimens.

The lower fatigue strength of inclined and horizontally built struts
is reflected in the fatigue strength of lattice structures. For example,
vertically built lattice structures with cubic UCs show higher fatigue
strength compared to horizontally built cubic lattice structures [113].

4.2.2. Material-microstructure system

There is limited information in the literature regarding the influence
of the material-microstructure system on the fatigue strength of lattice
structure. Nevertheless, available experimental data suggest that ma-
terials with less defect-sensitive microstructures exhibit higher fatigue
strength. In more detail, heat-treated lattice structures typically demon-
strate improved fatigue strength compared to AB ones [20]. Since heat
treatments affect both microstructures, typically reducing the defect
sensitivity and the residual stresses with a relieving effect, the improve-
ment cannot be attributed solely to the microstructure’s reduced defect
sensitivity. However, the works of Zhu et al. [253] and of Popovich et
al. [250] showed that longer hold periods and higher temperatures, as-
sociated with lower defect sensitivity, lead to higher fatigue strength.
Similar conclusions can be drawn from the results of Popovich et al.
[245], where lattice structures with diamond UCs AMed from Co-Cr
powders, a material known to have a low defect sensitivity, showed
exceptionally high fatigue strength in terms of Z—N when compared to
Ti-6Al-4V. ’

The authors believe that at the current state of the art, given the de-
fectiveness of AMed materials, higher fatigue strengths can be achieved
with materials with a low defect sensitivity; in a future scenario where
AMed materials approach near-defect-free conditions, high-strength
materials may become more advantageous, provided that the UCs ex-
hibit reduced stress concentration factors.

4.2.3. Loading conditions

Most of the tests have been performed under compression-compres-
sion fatigue with a force ratio® R = 10 in Constant Amplitude (CA)
loading at frequencies ranging from 10 to 50 Hz, in air at room tem-
perature under remote compression-compression loading (e.g., [20,36,
60,69,72,221,243,248,249,254-260]). However, real in-service loading
conditions for lattice structures are typically pseudo-random in Variable
Amplitude (VA). To the best of the author’s knowledge, only a few stud-
ies were performed at higher frequencies (e.g., [261]), in VA fatigue
(e.g., [37,261,262]), under different force ratios including tension—
tension or tension-compression (e.g., [113,213,223,261,263-267]), in
corrosive environments [268,269], and under remote torsion loading
(e.g., [270,271]).

All the studies cited on the influence of the applied force ratio on fa-
tigue strength showed a reduced dependency on the force ratio R. How-
ever, these studies were conducted on materials with microstructures in

5 Note that in the scientific literature relevant to the fatigue strength of lattice
structures, the definition of the force ratio R often is R = 10| instead of R =

[6ninl
o,

min

o,

‘max
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Table 1
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Summary of the experimental analysis of lattice structures in corrosive environments.

Ref. Alloy UC geometry Corrosive Fatigue strength variation with respect
environment to test in air

[268] Pure Fe Diamond r-SBF at 37°C —-10+—-5% at 2 - 10° cycles at 15 Hz

[269]  Pure Zn Diamond r-SBF at 37°C  5+10% at 2 - 10° cycles at 15 Hz

[272] Pure Zn TPSM Gyroid r-SBF at 37°C NA, tests in air not conducted

[272] Mg-Zn alloy =~ TPSM Gyroid  r-SBF at 37°C NA, tests in air not conducted

__ Normal stress
Negligible for low pyel

Navier-like stress field
— due to bending
moment

Fig. 22. Schematic representation of the stress field in bending-dominated lat-
tice structures; adapted from [263].

AB conditions and, thus, in the presence of residual stresses that alter
the local force ratio. The reduced dependency on R in presence of resid-
ual stresses is an already well-known phenomenon for welded joints and
fully-dense AMed materials (e.g., Beretta et al. [31,181] showed a neg-
ligible dependency of AK\y | to changes of R, for L-PBFed AlSi10Mg
with microstructure in AB conditions). Thus, the experimental evidence
in the literature is insufficient to confirm that the reduced dependency
on R is a characteristic property of lattice structures. Instead, the au-
thors believe the dependency would be reestablished with a proper
stress-relieving HT.

Note that analyzing lattice structures as homogeneous materials at
the apparent macroscopic scale may lead to results different from those
of their base materials. Consider a generic bending-dominated strut-
based lattice structure; as observed by Lietaert et al. [263], the external
loads are redistributed in the struts with a stress field characterized by
Navier’s symmetrical trend due to the bending moments, Fig. 22. There-
fore, when the direction of external loads is inverted, the stress field
remains mechanically similar, leading to similar results when compar-
ing tension-tension and compression-compression fatigue loading. For
example, Lietaert et al. [263], analyzing the fatigue strength of a di-
amond strut-based lattice structure L-PBFed from Ti-6Al-4V powders,
reported similar fatigue strength at R =10 and R = 0.1 and slightly
higher fatigue strength at R = —1. This behavior is expected only when
intense bending moments are present: Foletti et al. [37] observed higher
fatigue strength for R = —co compared to R =0 for a TPSM lattice struc-
ture, where bending moments are negligible.

Regarding the influence of corrosive environments and high tem-
peratures, to the best of the author’s knowledge, there are only a few
preliminary tests on the effect of physiological corrosive environments,
[268,269,272]. Table 1 reports the experimental findings; note that lat-
tice structures AMed from Zn-based powders show an increase in fatigue
strength that is attributed to the accumulation of corrosion debris at
the nodes (similar results for fully dense materials, e.g., [273]). Further
research is needed in the field given the significance of corrosion fa-
tigue in several industrial applications such as aviation or biomedical
implants. The authors believe that the influence of corrosive environ-
ments and high temperature can be accurately analyzed by performing
LEFM-based fatigue limit predictions with the precaution of adopting
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AKi,1c and Agy for the environment and loading frequency of inter-
est.

4.3. Challenges in fatigue testing of lattice structures

Given the absence of regulations standardizing the experimental fa-
tigue analysis of lattice structures, several testing procedures have been
adopted by researchers to tackle specific research questions. The subse-
quent paragraphs address the most significant challenges related to the
experimental fatigue testing of lattice structures.

4.3.1. Geometry of the specimen

The only standard available for the experimental testing of lattice
structures is the ISO 13.314 [274] prescribing the static monotonic com-
pression of foams, which gives some guidelines on the geometry of the
test specimens; in particular, it requires that the laboratory specimens
have at least 10 UCs in all directions to limit edge effects. For cuboid
specimens, only 4 UCs can be sufficient to limit edge effects [36,264];
on the other hand, for cylindrical specimens, which are preferred since
they allow a more homogeneous number of UCs in all directions, several
researchers suggested increasing the number of UCs to 12 (e.g., [20]).
A significant concern with cylindrical lattice structure specimens is the
partial cutting of the outermost UCs necessary for achieving a cylindri-
cal shape, as illustrated in Fig. 23 a). This practice effectively weakens
the structural integrity of the specimen, for example, by: (i) increas-
ing the shape factors for defects in partially cut struts; (ii) reducing the
buckling strength of partially cut struts. Consequently, using cylindri-
cal specimens to characterize the strength of the homogeneous material
associated with the lattice structure at the macroscopic apparent scale
may result in substantial underestimations of its fatigue strength. To ad-
dress this issue, three different approaches have been proposed in the
literature: (i) avoiding the partial cutting of outermost cells, even at the
cost of perturbating the cylindrical geometry of the specimen (Fig. 23
b), e.g., [113]), (ii) altering the geometry of the UC, transitioning from
cubic UCs to a sector of annulus UCs (Fig. 23 c), e.g., [120]), and (iii)
increasing the number of UCs in the radial direction to reduce the ratio
between the partially cut UCs on the outer surface of the specimen and
those in the core of the specimen (e.g., [20,263]).

Another challenge related to the geometry of laboratory specimens
involves the fixture of the specimens to the testing equipment. These
portions of the specimens should be designed to guarantee that the fa-
tigue failure occurs in a region not influenced by the clamping system
itself, ensuring that the obtained information reflects the fatigue be-
havior of the lattice structure rather than that of the lattice structure
fixed to the testing equipment. For fully-dense materials regulations
and good engineering practices, recommend adopting more generous
grip sections with respect to the test section, connected by a smooth
transition region characterized by low-stress concentration factors (e.g.,
ASTM E466 [275] suggests specimens with K,, < 1.02 - Fig. 24 a)).
This idea has been applied to lattice structures, and the following de-
sign approaches can be identified from a comprehensive analysis of the
literature:

» smooth transition in porosity from the gripped region, where
higher (potentially up to fully-dense material), to the test section
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Fig. 23. Schematic representation of the solutions proposed to avoid having
partially cut UCs; a) issue statement; b) extended UCs beyond the boundary
surface; c) altered UCs as an annulus sector.

where the target porosity is tested (e.g., [217,262,263,266,267],
Fig. 24 b));

+ add large fillets at the transition between the gripped region and
the lattice structure (e.g., [113,216]), Fig. 24 c);

« introduce a sheet of Teflon at the interface between the clamping
system and the lattice specimen, valid only for compression-com-
pression fatigue loading (e.g., [69]), Fig. 24 d).

An example of the influence of the lack of a properly designed transition
region on the fatigue behavior of lattice structures is provided by Coluc-
cia and De Pasquale in [267], where two different batches of specimens
are tested: (i) specimens without the transition region, and (ii) speci-
mens with a porosity gradient from fully dense in the grip region to the
target porosity of the test section. The results show that two different
fatigue Ao — N; curves are obtained and that fatigue failure occurs in
the proximity of the fixtures to the test equipment for the specimens
without the transition region.

4.3.2. Failure criterion

Considering that the progressive failure of UCs characterizes the fa-
tigue failure of lattice structures, it may be very complex to uniquely
identify the failure of each feature before reaching the catastrophic fail-
ure. From the fatigue assessment perspective, two distinct moments are
of particular interest: the failure of the first UC, which can separate the
infinite life regime from the finite life regime, and the failure of the
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a) Schematic specimen geometry for fatigue testing of
conventional fully-dense materials

Transition
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Reduced Ky to secure
failure in the test section

Grip
section

Grip
section

section

b) Porosity gradient

Target relative
density in the test
section

Fully-dense
material at the
grip section
(Pre1=1)

Porosity gradient to gradually
reduce the effective net section

c) Large fillet radii in
proximity of fully-dense
portion

d) Teflon sheet at the
clamping system-specimen
interface

Target relative
density in the test
section

Fully-dense
material at the
grip section
(Pre1=1)
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Larger fillet radius for the
UCs neighboring the
fully-dense grip section

Fig. 24. Schematic representation of proposed solutions for the transition re-
gion from the grip region to the test section; a) schematic fully dense specimen
with larger grip section; b-d) different approaches proposed in the literature for
lattice structures: b) porosity gradient; c) larger fillets near the grip section; d)
Teflon sheet at the interface between the clamping system and the specimen.

component. Considering that the failure may occur due to buckling of
the UCs and generally has a progressive nature, it may be ambiguous to
identify the specimen’s failure uniquely. Typical failure criteria adopted
in the literature monitor the displacement field of the homogenous ma-
terial associated with the lattice structure. In particular, the specimen
is considered broken after a specific stiffness loss (e.g., [37,69]) or af-
ter a significant increase of the strain amplitude during force controlled
tests (e.g., Foletti et al. [36]).

Identification of the failure of the first UC Due to the inherently notched
nature of lattice structures and the defectiveness of the AM process,
there is a large number of stress concentrations where fatigue cracks
may potentially initiate. Thus, monitoring the health conditions of each
feature in each UC is unpracticable, and it is necessary to analyze the
behavior of the associated homogeneous material. However, the failure
of a single feature of the UC leads to a slight variation in the structural
integrity of the entire structure; thus, detecting the failure of the first
feature may be challenging. At the current state of the art, several ap-
proaches have been proposed to address the identification of the failure
of a small portion of UCs, all of which originate from the observation
that fatigue damaging phenomenon manifests itself with a progressive
failure of UCs. In particular:

+ monitoring the stiffness loss of lattice structures during their fa-
tigue life. Although the stiffness loss related to the failure of indi-
vidual features tends to be smooth, several authors observed that
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the failure of a small group of struts can be detected with this ap-
proach (e.g., [113]);

variations of the modal properties, such as the first natural fre-
quency, can indicate for the failure of specific structural elements.
Foletti et al. [261] demonstrated that variations below 1% of the
first natural frequency could be related to the failure of a single
strut.

monitoring the acoustic emission during the exercise of the spec-
imen tracking the progressive failure of UCs. Note that this ap-
proach could also be suitable for real-time health monitoring [276];
employing the Direct Current Potential Drop (DCPD) technique,
Radlof et al. [270] showed that after the failure of a single strut, the
measured potential drop exhibits an almost discontinuous trend.

An alternative to monitoring the homogeneous material was recently
proposed by Foletti et al. [223], where fatigue tests were conducted
inside a micro X-ray Computed Tomography device (1#X-CT) to analyze
the health condition of the specimen during the fatigue life.

4.4. Summary

The most interesting outcomes from the review of experimental re-
sults regarding the fatigue assessment of lattice structures are: (i) the
fundamental role of defects and notches in the fatigue strength of lat-
tice structures, as observed by the analysis of the FCIS and the fracture
surfaces; (ii) UCs characterized by reduced stress concentrations (e.g.,
the TPSM gyroid) exhibit higher fatigue strength; (iii) the design of lat-
tice structures should account for the presence of manufacturing defects
(e.g., horizontally built struts should be avoided, especially if they are
load carrying).

Areas of future research are: (i) the effect of the mean stress, (ii) the
effect of high temperature and corrosive environments, and (iii) health
monitoring, especially for in-service real components.

Lastly, the Section highlights the necessity of a standard to regulate
fatigue testing, with precise guidelines on: (i) the geometry of the spec-
imens to avoid any influence of the loading system, and (ii) the failure
criteria to establish the number of cycles to failure and eventually allow
cross-comparison between different studies.

5. Validation

This Section validates the models outlined in Section 3 against ex-
perimental data from the literature for AMed metallic materials. The
data selection adhered to the following criteria, ensuring consistency
with the theoretical framework discussed:

« the following data must be available: (i, ii) the fatigue limit of the
defect-free material, Aoy, and the threshold range of mode I SIF
of long cracks AKy, ¢, and (iii) the triplet Aoy, Ny, ae for each
specimen, where Ao, is the applied nominal gross stress range, Ny
is the number of cycles to failure, a.; is the effective crack size;
all specimens tested must be in stress-relieved conditions. The only
exception is the data from [31] because the authors provided all
the information necessary to determine the stress field ahead of the
defect tip accounting for the residual stresses, and the influence of
the force ratio R on AKy ¢ for the same material-microstructure
system.

If the material properties Acy, and AKy, 1 are not measured for the
same material-microstructure-loading conditions system, they are esti-
mated with the following empirical models:

+ Ao, with Murakami’s equation Ao, = 1.6HV, while, if HV is not
available, using the following equation Ao = 0.8 +1.20yrg. If tests
are not conducted under fully reversed loading conditions (i.e., R #
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—1), Goodman-Smith’s equation is used to account for the force
ratio R as [192]:

1-R
AaO(R)=2<ﬁ)AGO(R=—1) ©
assuming that Aoy (R =-1) = oyrs;
* AKy,1c with the Rigon-Meneghetti empirical model:
AKyyc=a- 1P +yHV? (10

where: / is a characteristic length of the microstructure; a, #,7,6
are empirical constants dependent on R [189,192]. If the mi-
crostructural length is not available, then AKy, | ¢ is estimated with
the Atzori-Rigon-Meneghetti model:

AKypc=yHV™?? 11

where y is an empirical constant dependent on R [281].

For machined specimens only, the residual stresses due to the machin-
ing process alter the local stress field in a thin layer of material. If the
original data provide a measure of the residual stresses, o, the local
stress ratio R can be estimated as:

Omin t Ores

R= 12)

O-max + o—I‘ES

Using Equation (9), the Ao, can be adjusted to account for the residual
stresses. Otherwise, the remote force ratio is adopted if the residual
stresses are not measured.

For specimens with surfaces in AB conditions, the shielding effect
is accounted for if the information to input in equations provided in
Section 3.3.5 is available.

5.1. Plain specimens and notched specimens

Fig. 25 and Fig. 26 show the comparison between the prediction
of Equation (4) against 410+ experimental data of fatigue tests of the
plain and notched specimens, respectively, several of which performed
in near-threshold conditions. Fig. 27 shows the schematic geometry of
the specimens tested, Tables 2,3 report the material properties required
for the calibration of the ALM model, and additional information rel-
evant to the estimation of a.; and the residual stress state; for the
notched specimens, the estimation of a.; accounts for the notch stress
field using the equations provided in [277,278] for the rapid estimation
of the SIF of semi-elliptical cracks at the tip of sharp U- and V-notches.

Note that the prediction of the ALM model is consistent with the ex-
perimental results since almost all the failed specimens tested lie above
the fatigue limit prediction; all the failed specimens below the predic-
tion are from Schimback et al. [33] from data relevant to Scalmalloy
powders, and from Liang et al. [252] on AISI 316L. The authors of [33]
argued that the inaccurate predictions are due to the overestimation of
AK, 1 ¢ inherent to the load decrease experimental measure regulated
by ASTM E647, 1SO 12108 [287,288] and showed that measures in load
increase lead to more accurate results. This is a well-documented topic;
the interested reader is referred to [289] for a more detailed discussion.

5.2. Lattice structures and small-sized specimens

The ALM model prediction is compared with the following sets of
data: (i) lattice structures with cubic UC from batch A tested by Dal-
lago et al. in [113] and (ii) small-sized specimens tested at R = —1 by
Benedetti et al. in [114]. Although the second set of data does not per-
tain to lattice structures, it is included in the discussion because the size
of the specimens is comparable to that of struts. Neither of the datasets
fully meets the adopted selection criterion. This is due to the lack of
information regarding both (i) the range of the gross nominal stress ap-
plied and (ii) the number of cycles to failure for the specimen whose
fracture surface is reported. Despite that, they allow the comparison of
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Table 2
Ti-6A1-4V data.
Ref. R Aoy, AKp 1o Notes
MPa) (MPay/m)
[93,94] -1 1180! 7.0° « geometry a)

« L-PBFed and EB-PBFed materials
« HT (600 °C - hold NA) for L-PBFed, residual stresses due to AM process relieved [35]
« no HT for EB-PBFed, but no residual stresses expected
« machined surfaces, residual stresses due to the machining process neglected
. \/ﬁ following Murakami’s guidelines, measured from fractographies
[34] -1 1222! 6.9° « HT (670 °C - 300 min), residual stresses due to AM process relieved [35]
« machined surfaces, residual stresses due to the machining process neglected
« un-notched, geometry a) (from [182]) and notched, geometry c), specimens (from [81])
. \/zﬁ following Beretta’s guidelines, measured from fractography (from [34])
« Shape factor for notched specimens estimated according to [277,278] for semi-elliptical cracks
[771 -1 10241 7.2° « geometry b)
« HT (950 °C - 30 min), residual stresses due to AM process relieved [35]
« machined surfaces, residual stresses due to the machining process neglected
. \/ﬁ following Murakami’s guidelines, measured from fractographies
[77] -1 11521 7.0° « same as above, but machining in a cryogenic environment, residual stresses due to the machining process neglected
[251] 0.06  755* 4.13 « geometry b)
« HT (650 °C - 180 min), residual stresses due to AM process relieved [35]
« some specimens with machined surfaces, residual stresses due to machining process neglected
. \/ﬁ following Murakami’s guidelines, measured from fractography
« shielding effect for AB surfaces neglected
« no data in near threshold conditions
[22] 0.1 755* 4.13 « geometry b)
« HT (650 °C - 180 min), residual stresses due to AM process relieved [35]
« some specimens with machined surfaces, residual stresses due to machining process neglected
. \/ﬁ following Murakami’s guidelines, measured from fractography
« shielding effect for AB surfaces neglected
[191] 0.1 745! 4.3 « geometry a)
« HT (500 °C - 120 min), residual stresses due to AM process relieved [35]
» machined surfaces, residual stresses due to machining process neglected
. \/ﬁ following Murakami’s guidelines, measured from fractography
« shielding effect for AB surfaces neglected
[114] -1 1120! 7.04 « HT (740 °C - 130 min), residual stresses due to AM process relieved [35]
« effects of misalignments neglected due to the reduced stiffness of the specimens
« AB surfaces, shielding effect neglected
« more details on the estimation of a.;; provided in Section 5.2
[279] -1 10802 8.0° « HT (920 °C - 30 min, FC to 700°- 120 min, air cooling), residual stresses due to AM process relieved [35]
« machined surfaces, residual stresses due to the machining process neglected
. \/zﬁ following Murakami’s guidelines, measured from fractography (from [279])
* AKy,1c measured in [280]
« only 1 data available for the broken specimen in near-threshold conditions
[279] -1 10802 8.0° « same as above, but different process parameters
[193] 0.1 700% 3.6° Ti-6A1-4V
« geometry e), under 4 point bending
« HT (740 °C - 130 min, cooling to 520° followed by Argon quench), residual stresses due to AM process relieved [35]
« results analyzed only for series D of the original work
« shielding effect accounted for, as instructed by the authors of the original work

Estimated with Murakami’s HV model, Goodman Smith’s correction to account for the force ratio R.
Estimated from static UTS, Goodman Smith’s correction to account for the force ratio R.

Estimated with Rigon-Meneghetti model [189,192].

Estimated with Atzori-Rigon-Meneghetti model [281].

Measure for the same material-microstructure-environment system provided by the authors.
Goodman Smith’s correction to account for residual stresses.

Estimated from stabilized cyclic curve, as suggested in [282].

As suggested by the authors.

® N o G A w N =

the ALM model fatigue limit prediction and the experimental results in estimated with the PSM [290,291]. Lastly, the range of the gross nom-

near-threshold conditions. In more detail: inal stresses to be compared with the ALM prediction is determined as
follows:
« for the cubic UC lattice structure, concerning the Ao — N; curve
of Fig. 28 b), note that all specimens are tested in near-threshold » by de-homogenization for the cubic UC lattice structure, starting
conditions; from the homogenized ¢, — N; curve provided by Dallago et al.
« for the small-sized specimens, the fracture surface shown in Fig. 29 [113], as:
c) is representative of a specimen tested in HCF. 5
. . . . Aag = Abpom * iz 13)
Table 2 reports the material properties required to calibrate the ALM nd
model (i.e., Aoy and AKy, 1 ) for the two datasets. Fig. 28 c) and Fig. 29 where [ is the strut length and d is its diameter. The edge effects
¢) show the crack front in near-threshold conditions determined accord- are included as instructed by Dallago et al. in [113]. Although the
ing to the guidelines discussed in Section 3.3; the effective crack size is failure occurred near the nodes of the lattice structures, the influ-
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Table 3
Other alloys.
Ref. R Aoy AKy1c Notes
(MPa) (MPa ﬁ)
[31] 0.1 25126 1.2° AlSi10Mg alloy
« geometry a)
« no HT, residual stresses due to AM process measured with XRD technique
« some surfaces machined surfaces, residual stresses due to machining process measured with XRD technique
. \/ﬁ following Beretta’s guidelines, measured from fractography for machined and AB surfaces; shielding effect neglected
[25] -1 2402 2.0° AlSi10Mg alloy
« geometry a)
« HT (300 °C - 120 min), residual stresses due to AM process relieved
« machined surfaces, residual stresses due to machining process negligible (measured with XRD technique after fatigue testing)
. \/ﬁ following Murakami’s guidelines, measured from fractographies
[283] 0.1 NA NA Co-Cr alloy
« geometry e), under 4 point bending
« Stress relieved, parameters kept confidential
o AKy, ¢ and Ao, kept confidential, data presented in the form of i—:ﬁ - \/ﬁ
« g, determined by fitting the EHST model at i—:z (\/ar?) = \/E
« surfaces in AB conditions, while the original paper discusses the influence of the shielding effect, it is not considered in the present
validation
[284] -1 2300! 5.0 18Ni300 alloy
« geometry d)
« HT (470°C - 360 min)
« specimens with AB surfaces, \/ﬁ estimated from fracture surfaces without considering the effect of the surface roughness given the
presence of large LOFs
[26] -1 21307 7.34 17-4 PH alloy
« geometry a)
« HT (1050 °C - 30 min, air cooling to room temperature + 552 °C - 240 min, air cooling to room temperature)
« specimens with AB surfaces, \/ﬁ estimated from fracture surfaces, shielding effect neglected
[285] 0.1 487! 6.0* Inconel 625 alloy
« geometry f), under 4 point bending
« HT (1150 °C - 180 min at 1000 bar (HIP) + 1160 °C - 240 min, air cooling to room temperature + 87 °C - 720 min in sulfuric acid
solution)
« specimens with machined surfaces, residual stresses due to machining neglected
« no available data in near-threshold conditions
[286] -1 1355! 6.6* AISI 4140 alloy
« geometry a)
« HT (1150°C - 150 min at 1100 bar + 850 °C - NA duration, water quench to room temperature + 450 °C - 120 min)
« surfaces machined, residual stresses due to machining neglected
[252] -1 720! 9.0* 316L alloy
« geometry g)
« HT (620 °C - 90 min)
« surfaces polished
« unusually low fatigue strength when compared to LEFM prediction
[33] 0.1 360° 2.0° Scalmalloy
« geometry b)
« HIP (325 °C - 240 min at 2000 bar (HIP))
« specimens with AB surfaces, \/ﬁ estimated from fracture surfaces, shielding effect neglected
several data related to unpublished work
1 Estimated with Murakami’s HV model, Goodman Smith’s correction to account for the force ratio R.
2 Estimated from static UTS, Goodman Smith’s correction to account for the force ratio R.
3 Estimated with Rigon-Meneghetti model [189,192].
4 Estimated with Atzori-Rigon-Meneghetti model [281].
5 Measure for the same material-microstructure-environment system provided by the authors.
¢ Goodman Smith’s correction to account for residual stresses.
7 Estimated from stabilized cyclic curve, as suggested in [282].
8

As suggested by the authors.
ence of the stress concentration is neglected given the low K;, of
the nominal geometry;

» by considering the net area of the cross-section schematized in
Fig. 29 c) for the small-sized specimens, starting from the o, — N;
curve provided by Benedetti et al. [114].

Fig. 28 a, b) and Fig. 29 a, b) compare the ALM prediction with the ex-
perimental data, showing satisfactory results. For both cases analyzed,
the effective crack size of the defects is in the long crack regime. Note
that the small scale of the cross-section of the analyzed specimens plays
a major role: concerning Fig. 29 c¢), considering the same defects in an
infinite body (or, more realistically, in a conventional engineering com-
ponent) would be considered as a shallow surface defect with shape
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factor « = 0.65 and size y/area = \/Ea (Fig. 13 b)) where a ~ 100 pm
giving a.r; ~ 130 pm, significantly lower than the a.; ~ 300 pm ob-
tained in the small-sized specimen; similarly, concerning Fig. 28 c), the
same defect in an infinite body would be considered as a surface defect
with shape factor a = 0.65 and defect size y/area ~ 350 pm (Fig. 13 a)),
giving a.ep ~ 150 pm.

6. Conclusions and outlook for future research

The article discusses the fatigue behavior of Additively Manufac-
tured (AMed) lattice structures. It proposes an approach based on
the Linear Elastic Fracture Mechanics (LEFM) alternative to the well-
established nominal models for their fatigue assessment. The key idea
is to consider AMed lattice structures as notched and defective materi-
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Fig. 25. Validation of the ALM model against experimental data from the literature for plain specimens. Tables 2,3 for more details on the tests conducted.

z 10" F
-
0 = _ -
2675 [
R [
g3 I
2 2
ER
8 ALM model
~ (e} Run — outs
X Broken specimens
10" All specimens in near threshold conditions
[ il 1 lIlIlll il 1 lIlIlIl il lllllll 'l L il Ll L 1L 1l
10° 10" 10° 10" 10° 10°
a
Normalized effective crack size, - ft
0

Fig. 26. Validation of the ALM model against experimental data from the literature for notched specimens. Tables 2,3 for more details on the tests conducted.

als and, consequently, to perform the fatigue assessment on the scale of
individual struts, AM defects, or notches. Considering that fatigue crack
initiation and propagation is a local phenomenon favored by the pres-
ence of stress raisers, this study emphasizes the influence of the notched
nature of lattice structures and the defectiveness of AMed materials.

The work starts with a descriptive analysis of AM defects, focus-
ing on their detrimental effect on the fatigue strength. It then discusses
the fatigue assessment of metallic materials weakened by notches and
defects, introducing the LEFM and its non-conventional extensions to
assess the presence of defects and notches based on the Atzori-Laz-
zarin-Meneghetti (ALM) diagram. It then reviews the state-of-the-art
experimental fatigue analysis of AMed lattice structures, reporting ex-
perimental evidence stressing:

the role of AM defects on the fatigue strength;

the similarities and differences between lattice structures and ho-
mogeneous materials;

the need for performing the fatigue assessment with a defect-tole-
rant approach.

that in a future scenario where AM approaches the defect-free
condition, the fatigue assessment should be performed with an N-
SIF-based approach, rather than a defect-tolerant approach.
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Furthermore, it addresses ongoing areas of interest that require addi-
tional research and the challenges encountered in fatigue testing of
lattice structures.

In conclusion, the ALM model is compared to experimental data
from the literature for different AMed materials and specimen geome-
tries, including notched and small-sized specimens and lattice struc-
tures. Due to the limited data available, the comparison between the
experimental data relevant to lattice structures and the ALM model
proposed in this paper is not to be considered as a validation. How-
ever, it quantifies the qualitative observations drawn from the literature
analysis of the fatigue strength of lattice structures and highlights the
necessity for further experimental investigation to validate the defect-
tolerant approach.

The authors believe that future research should prioritize investigat-
ing the following topics:

1. process optimization, with the following objectives: (i) reduce
the defectiveness of AMed materials (possibly to sizes below a),
by tailoring process parameters and printing strategies to lattice
structures (e.g., [72]), real-time monitoring of pore formation and
healing (e.g., employing in-situ laser remelting [73-75]) and post-
processing processes (e.g., chemical etching, sandblasting, and HIP-
ing [20,49]), and (ii) reduce the minimum size of individual fea-
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Fig. 27. Geometry of the specimens analyzed in Figs. 25 and 26 and Tables 2,3; a) specimen with tangentially blending fillets between the test section and the
grip section and circular cross-section; b) specimen with a continuous radius between the grip section and circular cross-section; c) sharply V-notched cylindrical
specimens; d) specimen with tangentially blending fillets between the test section and the grip section and tubular cross-section; e) beams with blunt notch subjected
to 4 point bending and rectangular cross-section; f) beams subjected to 4 point bending; g) specimen with a continuous radius between the grip section and
rectangular cross-section.
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Fig. 29. Comparison of the ALM model against experimental data from tests conducted on small-sized specimens [114]. Cylindrical specimens, AMed from Ti-6Al-4V

powders; surfaces in AB conditions; HT microstructure.

tures to reduce the relative density of lattice structures for a given
UC size;

. further experimental fatigue analysis, in particular: (i) validation
of the ALM model applied to lattice structures as suggested in this
work; (ii) extension of the ALM model to multiaxial loading condi-
tions (some preliminary analyses are reported in [180,292]); (iii)
experimental analysis of the fatigue strength of AMed lattice struc-
tures under high temperature and corrosive environments;

. building on the knowledge of the two previous points, developing
design optimization procedures where the fatigue strength criterion
(which should be defect-tolerant, and material-microstructure-en-
vironment system dependent) and the technological limitations of
metal AM (e.g., the building direction, minimal size of individual
features) are included as constraints.

Given the stochastic nature of the defects distribution of AMed
materials, it is impractical to characterize defects in each component
deterministically for the fatigue assessment; for real engineering appli-
cations, a statistical approach is necessary to determine the crack size
ay¢r to be used in Equation (4). There are several successful applications
in the literature of stochastic models for the fatigue limit prediction of
fully-dense AMed materials and defective materials using the statistics
of extremes (e.g., [31,173,208,293-296]). The authors believe that a
similar approach should be adopted to use lattice structures in the in-
dustry.

Lastly, in a potential future where the AM process (not necessar-
ily PBF or DED) allows producing features of sizes comparable to that
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of individual grains of the crystal lattice, dedicated analysis would be
required [4].
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