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ABSTRACT

Lattice structures, as a subclass of cellular solids,
are nowadays among the most promising materials
in lightweight engineering: their excellent
mechanical properties, together with their
functionality and reduced mass, make them the
perfect candidates for many applications in the
aerospace and automotive fields. Such sectors
require though demanding specifications for their
components: among all, fatigue behavior has high
importance.

A simplified method for the fatigue analysis of
lattice structures, based on finite element method
(FEM) is proposed: through linear homogenization
of the lattice structure, a lighter FEM model
employed for the fatigue failure analysis is
developed. Second step of the model is the
application of de-homogenization on the most
critical cell and therefore the recovery of the true
state of the lattice. In this investigation, the method
is employed in the case of a 4-point bending cyclic
load, together with the presentation of a validating
experimental setup.

1. INTRODUCTION

Properties of lattices structure have been widely
investigated in the last years [1] [2] because of the
advantages these materials can lead to. Main
relevant aspect of lattices are of course their
mechanical properties: not only they provide
excellent strength and stiffness performances, but
also these properties can be modulated and varied
according to the structural specifications. This is
partly due to additive manufacturing gifting lattices
with a strong design freedom, with respect to
conventional materials, that makes such structures
employable in many fields of mechanics [3]. One of
the most important fields where lattices are used is
the aerospace: here, their functionality, and impact
and energy absorption properties are investigated
for different engineering solutions. In [4], lattices

are used in the design of the leading edge of an
aircraft wing: both their energy absorption
properties and functionality are important, since the
leading edge must resist to eventual impacts and
accommodate the anti-icing system. Another
interesting application for lattice-like structure can
be found in [5], where repetitive unit metal
composite panels are employed as spacecraft
shields. Progressive failure of a lattice cylindrical
panel meant for aerospace application under
compression load can be found in [6].

Besides impacts and static loading, spacecraft
structures need to be designed also taking into
account fatigue failure: in [7], hexagonal
honeycomb cores for space applications are tested
under in-plane shear fatigue loading. Not only
structures, but also instrumentation needs to be
tested under vibrational fatigue conditions, as it can
be seen in [8]. Fatigue is largely investigated in
lattices as well: constant amplitude and random
fatigue loading are considered in [9] for the
characterization of an aluminum Schwartz periodic
lattice structure, together with a detailed analysis of
fracture surfaces. In [10], diamond and gyroid
TiBAI4V lattice structures are modeled via finite
elements method (FEM) under compression low
cycle fatigue loading; a similar investigation, but on
the effect of load direction is conducted in [11]. A
method to predict the fatigue life of a triangular cell
lattice structure in presence of a pre-crack is
proposed in [12], together with the experimental
validation of the method.

While most methods for the analysis of fatigue
failure of lattices are based on complex analytical
models, often in combination with numerical FEM
models, this investigation presents a simplified
method that makes use of FEM for the
homogenization and de-homogenization. Firstly,
after selecting the topology of the cell to be
employed, the lattice is homogenized: equivalent
properties of a medium material representing the
lattice as bulk material are extracted. The second
step is the FEM analysis of the component,
sample, or part, where the medium material is
employed in place of the lattice. Once performed
the analysis, the most critical lattice section is
detected through a strain-based criterion. Then, the



de-homogenization is applied. In this way, it is
possible to retrieve the true stress condition of the
lattice cell and to apply a suitable fatigue failure
criterion. In this paper, the method is applied in the
case of a 4-points bending test; also, an
experimental setup for the validation is presented.
In a previous investigation [13], the method has
been used in the case of a cantilever beam bending
load application.

2. METHOD

An innovative sample configuration is presented for
the case of 4-points bending test: only the central
portion of the beam, that is the one object to the
highest (and constant) bending moment, is made
of lattice. The sample, corresponding to this middle
region, is placed between two supporting ends,
made of bulk material. The reason for this solution
is that it loads the sample at the highest bending
moment. The two ends are just necessary for
letting the moment grow from zero (at external
constraints) to its maximum, which coincides with
the point where the shear forces are applied. This
is also advantageous from the point of view of the
eventual manufacturing of the sample: since
printing lattice is expensive and time consuming, it
is useless to print them in section of the sample
where there is no interest in their behavior.
Dimensions and geometry of the sample can be
found in Fig. 1. The material considered for this
investigation is AISI 316 stainless steel (E =
200000 MPa, v = 0.3), and lattice cell used is the
all-face-centered-cubic (afcc), that can be seen in
Fig.1 as well: the diameter of the lattice struts is
constant and equal to 0,54 mm, while the edge
length of the single representative volume element
(RVE) is 3 mm.

First step of the process is the homogenization of
the lattice structure: that means defining an
orthotropic material that presents equivalent
mechanical properties as the single lattice RVE.
The process is applied through Ansys Mechanical
APDL, where, after the definition of the finite
elements model of a whole RVE, it is possible to

define a routine via command panel that applies
different load cases employed for the extraction of
the equivalent mechanical properties. Load cases
are six: three for traction, one for each direction,
and three for shear, one for each plane; from these
six consecutive simulations, Young’s moduli, shear
moduli and Poisson’s ratios are evaluated. The
process has been conceived and described in
detail by the authors in [13].
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Figure 1: Boundary condition scheme for the simplified
model

Once obtained the equivalent properties of the
lattice, it is possible use them for the generation of
a simplified model where the medium material is
used in place of lattice. Every lattice RVE is
modeled by a single 8-nodes solid element (in
Ansys SOLID185); such elements are employed
for the rest of the sample as well, where lattice is
not present. The case considered in this
investigation for the 4-point bending fatigue test, is
a symmetrical load case with static load equal to
zero and alternate load equal to 100 N (stress ratio
R = —1).

Static simulation loads and boundaries applied on
the simplified model are schematized in Fig. 2: 100
N distributed force is applied to the central points
of the sample (red arrows) and line of nodes of the
external points are fixed in the y direction only
(green triangles). External and middle points are 67
mm distant each other.

Once performed the analysis, it is possible to
evaluate which one is the most critical element, that
is supposed to coincide with the lattice cell from
where fatigue failure of the sample will start. With
this aim, a strain-based criterion is employed: for
every element of the medium material representing
the lattice, the strain tensor norm |l¢|| (Eq. 1) is

Figure 2: lattice sample and supports with relative dimensions



evaluated. The most critical element is identified
with the one presenting the higher ||¢]|.

el = (Siley|” forij=xyz (@)
Once the critical element is recognized, it is
possible to perform the last step of the method,
which is the de-homogenization. Retrieving the
strain component of the critical element, it is
possible to apply this strain field directly to the
actual RVE. In this way, besides being able to
retrieve the true stress distribution inside the critical
lattice cell and perform a detailed analysis, it is also
possible to apply a proper fatigue failure criterion.
In this case, being the element analyzed a lattice
cell, a tridimensional fatigue failure criterion is
chosen: the Crossland criterion. According to this
criterion, the fatigue life of a component can be
estimated through the expression present in Eq. 2.
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Figure 3: design (a) and mounted on the
machine (b) adjuster for 4-points bending
fatigue tests

stress tensor (,/],,,) and the maximum hydrostatic
stress (0ymay). If the relationship of Eq. 2 is
respected, the component presents endless
fatigue life.

Results from the method applied to the 4-points
bending test will be displayed in the results section.

3. EXPERIMENTAL SETUP

An experimental setup for the validation of the
model predictions is presented. Machine employed
for the application of the fatigue load cycles is the
Warner & Swasey Co. fatigue tester SF-1-U: it
allows the application of the static load via a
hydraulic displacement-control system, while the
application of the sinusoidal alternate load is
committed to an eccentric mass where it is possible
to change the axis of rotation of the mass itself. The
load is transmitted to a steel plate. It has been
necessary to design a new holding system in order
to transform a simple compression-traction load
system setup into a 4-point bending one. The
scheme of the setup can be seen in Fig. 3a, while
the build one in Fig. 3b. All of the components of
the adjuster are made of steel.

Sample is held in position on both the upper and
lower surfaces on all of the contact points (external
and middle) by quenched steel plugs: this is
necessary since the lower plate of the machine
needs to apply a symmetric alternate cyclic load.
with respect to zero. The machine is able to detect
the sample breaking, and it stops the eccentric
mass from rotating registering the relative number
of cycles.

4. RESULTS AND DISCUSSION

Results from the application of the method for the
fatigue failure analysis to the 4-points bending test
are presented here. First, medium material
properties obtained from the homogenization of the
afcc lattice RVE are shown in Tab. 1.

Table 1: equivalent mechanical properties of the
homogenized lattice

Ex=Evy=Ez 6864 MPa
Gxy = Gyz = Gxz 3838 MPa
VXY = VYZ = vXz 0.3

The employment of the medium material presents
a computational advantage: a smaller number of
elements are used, resulting into a lighter model
(that for components with a large number of lattice
cells is convenient). In addition, the use of
elements with the same edge length and of the
same type allows a better mesh, instead of
modeling a geometry presenting bulk material and



lattice at the same time (that would necessarily
require large differences among the elements
used).

Fig. 4 shows the distribution of the tensor
deformation norm: highest values of this indicator
are symmetrically at the bottom and top surfaces of
the lattice section

Figure 4: strain tensor norm distribution from the static
analysis on the homogenized lattice

The most critical element from the point of view of
the strain tensor norm can be found on the lower
surface between the middle point and the end of
the section (at the middle in the direction of the
depth as well), as it can be seen from Fig. 5.

Figure 5: critical element (in green) of the lattice section
from the static analysis on the homogenized lattice

Once retrieved the true configuration of the most
critical cell through de-homogenization, it has been
possible to apply the Crossland fatigue failure
criterion. The fringe of the Crossland equivalent
stress (Eq. 2) can be seen in Fig.6. The maximum
value of such equivalent stress registered in the
cell, which is Tcgosseqmax = 348 MPa, is higher
than the relative shear fatigue limit of the material,
which is 7, = 138 MPa. This is the indicator that the

lattice presents no endless life by employing the
magnitude of 100 N as alternate load.

Figure 6: Crossland equivalent stress fringe for the
most critical lattice cell

By using other criteria for the evaluation of the
fatigue failure, it would be possible to achieve more
data about the fatigue life of the sample: an
example could be the Sines criterion, together with
the drawing of the Haigh diagram.

Due to difficulties encountered with the calibration
of the adjuster for the fatigue tester machine, only
one sample experimentally tested presents the
proper characteristics to be defined as validating
for the model. As it can be seen in Fig. 7, the
sample is broken at the exact point where the
model indicates the presence of the critical
element. This sample was loaded at 1800 N of
force amplitude. Unfortunately, due to the
excessive stiffness of the sample supports, it was
not possible to count the exact number of cycles to
failure, which is in the range of 3000-5000 cycles.
Other samples did not experience fatigue failure:
sample 1, with 900 N of force amplitude and
sample 2, with 1500 N of force amplitude, have not
been experienced failure until 5000000 cycles.

Figure 7: fractured sample from the experimental
fatigue test

Some details of the setup still need adjustment:
plugs that keep the sample in position need to be
locked into the milled slot, since excessive
vibrations during tests have made clear that bolts
keeping them pressed on the sample are
insufficient to guarantee no translation. A lower
alternate force would also help reducing vibrations



that could damage the setup. The use of milled
slots will be considered to allow the specimen to
slide once broken, and therefore allow the machine
to properly recognize when to record the number of
cycles equivalent to failure. Besides this problem
recorded with the setup, the only sample tested
properly can be considered as an early validation
of the model.

5. CONCLUSIONS

It can be stated that a computationally
advantageous method for the fatigue failure
analysis of lattice structures has been successfully
applied to a 4-points bending test case study. The
method offers a simple and lighter process for the
recognition of the point from where the fracture that
determines the failure of the sample (or eventually
component) will start, based on the norm of the
strain tensor. The employment of homogenization
allows the simulation of large lattice components
with a computationally lighter model, while de-
homogenization helps performing a detailed
analysis of the lattice topology involved.
Preliminary experimental results have been
observed with no failure and fatigue failure.
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