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Abstract

Metal lattice structures from additive manufacturing (AM) processes are promising solutions for the design of
lightweight components and therefore several strategies for their static modeling are available. However, the high
concentration of notches, combined to the surface roughness typical of AM as-built conditions, make lattice
structures very vulnerable to fatigue failures. Furthermore, the evaluation of stress and strain in cellular materials is
very challenging due to the geometrical complexity and the associated computational heaviness of numerical
models. In this paper, the authors present a numerical method based on the homogenization and de-homogenization
processes to determine the expected fatigue lifetime of the lattice component. The method requires limited
computational effort by limiting the estimation to the most loaded cell, which is considered as representative volume
element (RVE) to establish the multi-axial fatigue loads.
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1. Introduction

Cellular solids have been widely exploited in the last decades due to their excellent peculiar mechanical
properties and functionality. Among them, lattice structures recently emerged especially in relation to the

* Corresponding author. Tel.: 011.090.6452.
E-mail address: giorgio.depasquale@polito.it

2452-3216 © 2022 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)
Peer-review under responsibility of the MedFract2Guest Editors.

10.1016/j.prostr.2022.05.061


http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2022.05.061&domain=pdf

536 Giorgio De Pasquale et al. / Procedia Structural Integrity 41 (2022) 535-543

consolidation and technological improvement of additive manufacturing (AM) processes. According to the definition
found in the investigation by Fleck et al. (2010), lattice materials are “cellular, reticulated, truss or lattice structure
made up of a large number of uniform lattice elements and generated by tessellating a unit cell”. They consist of a
repetition of a defined representative volume element (RVE) containing a specified unit cell. The AM technology
can support high levels of design freedom, and then the designer can conceive many topologies of cells to build the
lightweight component. Literature is rich with examples of experimental investigations and mechanical
characterization of lattice structures as it can be seen in contributions from De Pasquale et al.(2019), Lei et al. (2019)
and De Pasquale and Luceri (2019), often necessary to develop designs which can found application in many
engineering sectors. Biomedical engineering is of course one of the most important: due to their manufacturability,
integration with bones and mechanical properties, lattices are largely used for prosthetic implants, as defined from
Wang er al. (2018). Mechanical application can also be found in the automotive sector, e.g. the design proposed
from Yin et al. (2018), as the core of sandwich panels for car hoods. Aerospace engineering also benefit from the
application of such structures: De Pasquale and Tagliaferri (2021) furnish a design presenting lattice structures as
impact absorber, and at the same time heat exchanger.

Though AM is nowadays able to create high quality components, as described from De Pasquale (2021),
problems regarding microstructural features and defects due to the AM processes are present. Due to their shape,
lattice cells are defined at the mesoscale, typically in the order of millimeters, and generally have complex topology.
Then, researchers are focused on improving the mechanical properties of these structures through the enhancement
of their topological characteristics. Among all, truss lattices present severe problems because of their high
concentration of sharp corners and notches, together with the surface roughness due to the AM as-built properties.
These are issues to deal with when it comes to reliability performances. In particular, fatigue failure analysis is
extremely important, since the lattice characteristics listed before largely tend to favor stress concentrations and
cracks initiation and propagation, as Gu et al. (2019) show.

Finite element method (FEM) is often used for fatigue failure analyses, but when it comes to large lattice
structures made of thousands unit cells, the 3D simulation become computationally heavy and unpractical. A lighter
method for fatigue lifetime prediction based on FEM is presented in this paper. By applying a linear homogenization
process, used for composite materials and cellular solids as well, lattices are modeled as orthotropic medium
material. Therefore, the complex lattice structure is represented by means of simpler elements with customized
stiffness matrix, with far less elements than the full 3D model would require. Homogenization is extremely useful
when it comes to static and dynamic analyses as well. Once the structure is homogenized, static simulations are
performed. From the static results, the most critical cell is identified, and reverse homogenization is applied on it.
The strain condition of one single cell, extracted from the results given by the homogenized medium, is applied to
the real 3D model of the cell, by implementing a de-homogenization process. The real stress distribution is then
calculated, and the three-axial most loaded point of the structure is determined quantitatively. In correspondence to
this point, one multiaxial fatigue method is applied, according to the stress state present there. In this paper, the
Crossland and Sines methods are suggested for this purpose. The calculation algorithm is finally implemented in the
Ansys software environment to provide practical simulation tool for the designer.

2. Method

The method is applicable to general shaped lattice structure composed by given RVE. In this section, the analytic
formulation of the method for fatigue lifetime estimation is described.

2.1. Homogenization

The homogenization process, described in detail by Barbero (2013) as belonging to the field of computational
micromechanics, can be applied to composites, lattice structure and any other material based on space-periodic
repetition of one RVE including two or more structural domains or phases. The aim of homogenization is to extract
the stiffness matrix linked with the RVE of the material considered for the process; from the stiffness matrix,
equivalent material properties can be extracted and employed for a numerical model.
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Fig. 1. Representation of the RVE, with relevant parameters for the homogenization process (al, a2, a3).

By considering the generic lattice cell (e.g., that one represented in Fig. 1 with its own dimensional parameters,
material properties and topology), six static simulations can be performed with specific boundary conditions to
calculate the terms of the stiffness matrix [C] correlating the average stress {7} and average strain {£} tensors (1).
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The shear strains are defined as:
n=%,+%, withi,j=123 2)

On the RVE, the hypothesis of constant strain energy is applied to define the homogenized stiffness matrix,
because, when deforming, both original cell and homogenized cell will be defined by the same amount of strain
energy. Also, each one of the six applied strain components sg is averaged on the RVE volume (average strain &),
according to Eq. (3). The six different linear elastic Eqs. (1) must be solved six times, each one of them with only
one non-zero strain component (4). More in detail, the boundary conditions of each static analysis necessary for the
definition of the strain condition aforementioned are described in Tab. 1 (each column reports one boundary
conditions set) and Egs. (5)-(7).

& =yf,&dV =& 3)
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Table 1. Summary of boundary conditions applied on the RVE for the calculation of the stiffness matrix components: Ui terms represents the
displacement degrees of freedom (DOF) of the nodes of the RVE in the system (x;, x;, x3), “0” = constrained DOF, “/”” = free DOF.

I*" analysis 2" analysis 3 analysis 4" analysis 5™ analysis 6" analysis

RVE face & =1 &5=1 &=1 Va=1 Ys=1 Ve =1

U (U |\ Us | U | U |Us | U |U| Us | U | Uz Us U | U] Us Ui U: | Us
xy=—aq | —a; | / / 0 / / 0 / / 0 / / / 0 | —a; / —-a; | O
X1 =ay a; / / 0 / / 0 / / 0 / / / 0 a; / a; 0
X = —ay / 0 / /| —ay |/ / 0 / 0 / —a, / 0 / —a, / 0
xo=a, | /o /| /a0l s ol s Lal s Lo s a0
xs=—as | / | /Lol /| /ol /| —as|o]—as| /s |=as|O] /| /] /o0
xs=as | /| /o sl ol a0 a | 4 |as O /| | s o

For each static analysis, one strain component is set to the unity, with reference to the imposed boundary
displacement conditions. The strain components of the RVE are described as follows:

uy(ay, Xz, X3) — Uy (—0y, X3, X3) = 20,7
Uy (@y, X, X3) — Up (=04, X5, X3) = 20,83,
uz(ay, Xz, x3) — Uz (—ay, X5, x3) = 20,63,
Uy (X1, Az, X3) — Uy (X1, =y, X3) = 20,87,
Uy (X1, Ay, %3) — Uy (X1, —Ap, X3) = 20,83,
U3 (%1, Gz, X3) — U3 (g, —0y, X3) = 2053,
Uy (X1, Xz, @3) — Uy (X1, Xz, —A3) = 203675
Uy (X, X5, @3) — Up (Xq, X, —03) = 203673
U3 (X1, Xp, A3) — Uz (X1, Xy, —A3) = 203633

(6))

Every edge belongs at the same time to two faces, and since only one constraint equation can be established for a
geometrical feature, edges need their own set of conditions, defined by Egs. (6):

{ui(al,az,x3) —ui(—ay, —ay x3) = 2a,& + 2ael,
wi(aqy, —ay, x3) —ui(—ay, az, x3) = 2a,€ — 2a,)
{ui(al,xz, az) — u;(—ay, x5, —az) = 261151‘01 + 2‘1351'03

withi =123

withi=1,2,3 (6)
— 0 0 e
w;(ay, x5, —az) — wi(—ayq, xp,a3) = 2a,€;; — 2a3¢53
_ 0 0
u; (%1, @z, a3) — u; (X1, —ay, —A3) = 2a&;, + 2a3¢;3 o
o oo withi=123
u; (x1, Ay, —az) — u;(xg, —a,, az) = 22¢;, — 2az&;3
Similar consideration is valid for the corners, which need their own conditions:
_ 0 0 0
((ui(ay,az, a3) —u(—ay, —ay, —az) = 2a,&) + 2a,&), + 2aze3
0 0 0
u;(as,a,,—as) —u;(—ay, —a,,a3) = 2a,&7 + 2a,&; — 2as¢; o
LT ! T 1 2 B withi=123 (7)

_ 0 0 0

w;(—ay, az, a3) —ui(ay, —ay, —az) = —2a,&;; + 2a,¢; + 2a3e;3
_ 0 0 0

u;(ay, —ay, az) —ui(—ay, a,, —az) = 2a,&;; — 2a,&5 + 2az&53

Equations (4), (5) and (6) gives all the constraints necessary to the static analyses representing the
homogenization process. From the results, the components of the average stress field o, are obtained and by means
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of Eq. (4), the terms of the stiffness matrix are calculated. The compliance matrix is calculated from Eq. (8) and the
equivalent material properties are obtained by the relations of Egs. (9), (10) and (11).

[s1=1[c]™* (& ®)
E1=é E2=é E3=é 9) ©)
Gy = i Gys = é Gyy = i (10) (10)
Vig = =812 Ey Vo3 = —Sp3 E; viz=-S;30E; (11) (11)

2.2. Identification of the most loaded cell and de-homogenization process

The lattice structure is now effectively modeled through the equivalent material properties given by Egs. (9), (10)
and (11). The analysis of each RVE is significantly lighter and requires just one finite element to be discretized. The
full 3D model of the structure with homogeneous medium material replacing the lattice is defined. The nominal
fatigue load is applied to this model by separating the mean and alternate loads, considered as two static load
components. Each load component will provide the corresponding strain distribution in the homogenized medium,
which is then converted into local mean and alternate stress.

Thus, the elastic strain tensor is computed on the homogeneous media as

Exx  Exy  Exz
[e] = [évx  Eyy  Eyz (12)
Ezx  Ezy &2z

The norm of the strain tensor (13) is therefore evaluated for every element of the homogeneous media:

llell =\/Zi2j£ij'gij (13)

and the most loaded (or critical) cell of the homogeneous media is identified as the one with the higher ||&]|. This
step is significant to limit the extension of the further analysis just to the cell that is the first candidate to exhibit
fatigue failure. The other cells will have lower stress levels and then longer expected fatigue lifetime. Then, the
lifetime of the entire structure is imposed by the lifetime of the most critical cell only.

The next step of the method is the de-homogenization of the critical cell. The strain field produced on the critical
cell by the application of the external nominal loads (mead and average separately) is stored. A 3D full static model
of the RVE with its real shape (e.g., that one in Fig. 1) is built, and the mentioned strain field of Eq. (12) is applied at
the corresponding boundaries. The model returns the 3-dimensional stress distribution expected in the critical cell of
the structure. The most loaded point of the volume is identified and the local multi-axial stress components stored.

2.3. Application of failure criteria

The most loaded point of the structure is then defined, and two sets of multi-axial stress are calculated, provided
by the nominal mean and alternate external load components respectively. At this stage, one of the multi-axial
fatigue methods can be applied to estimate the fatigue life of the structure, through the analysis of its critical point.
In the following, two methods are proposed: Crossland and Sines.

Crossland fatigue method

The Crossland (1956) multi-axial fatigue method is based on the equivalent stress (14), defined from the principal
stresses along the three directions. The Crossland equivalent stress must be lower than the fatigue torsional limit (zf)
to have endless life.
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3T
Tcross,eq = v/Jz.a + <0_j{ - \/§) Otmax = T (14)

The Crossland stress is calculated from shear and bending (of) fatigue limits, the second invariant of the
deviatoric stress tensor (J 4) expressed by Eq. (15) and the maximum hydrostatic stress (0 mqy) from Eq. (16).

Oe

Toa = 22 (1s)
S1+S2+S:

OH,max = . 32 2 (16)

In Egs. (15) and (16), 0.4 is the equivalent stress, while S;, S, and S5 are the principal stresses along the three
principal directions. The Crossland method is very easy to be computed, but reliable parameters of torsional fatigue
limit are not easy to find for many materials, and sometimes the physical links to the effective structural loads are
not so evident, as stated from Navarro et al. (2007), for instance the missing separation of the effects of mean and
alternate stress.

Sines fatigue method

The Sines (1955) fatigue method in multi-axial loading conditions defines two equivalent stress values, mean and
alternate respectively. The method is based on the second alternating stress invariant and the first medium stress
invariant, as expressed by Eq. (17):

V2a <B—Blim (17)

where B and £ are two constants related to the fatigue limit and static strength respectively. This expression can be
translated in terms of principal stresses as

%\/(Ua,l - Ua,z)z + (Ua,l - Ua,3)2 + (Ua,z - Ua,s)z + J}?—T:(Um,l + Oy + Om3) < 0py (18)

Here, 0,; and o,,; are the alternate and mean principal stresses respectively, op_; is the fatigue limit and R,;, is the
static strength of the material. This method is based on the effects of shear stress on the slippage of single crystals in
the material. From Sines theory, equivalent alternate and mean stress can be calculated from Eq. (19) and Eq. (20)
respectively, and used to define a working point in the Haigh diagram.

1 2 2 2
Ogeq = \/_E\/(O-a,l - O-a,z) + (Ua,l - Ua,3) + (O-a,z - O-a,3) (19)
Omeq = (Jm,l t Omp + Um,3) (20)

3. FEM model

The method described in section 2 is used to compute the fatigue stress on two lattice specimens. The method has
been implemented into a macro for the ANSYS environment, to provide easy and fast tool for simulation of fatigue
life prediction. The two samples considered have been designed for further experimental validation, and they are
composed by two bulk ends and lattice center. In one case the lattice is uniform, in the other case the lattice is graded
by varying the cells size. The total dimension of the sample is 90x30x4 mm?®, the lattice section dimension is
36.7x30x4 mm?> where the total number of cells is 14x15x2. The cell shape is the same reported in Fig. 1. In the
sample with uniform lattice, dimensional parameters are [ = 2mm, 6 = @ = 45° therefore a; = a; =1/2 = 1mm
and a, = [ - sin@ = 1.414 mm, while standard strut diameter, used for uniform lattice, is 0.5 mm. Graded lattice
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presents instead an increasing diameter going from the middle to the bottom section of the sample, while standard
diameter is used from the middle to the top section. In order to allow continuity in the intersection nodes of the
lattice, a single cell presents two diameters, as it can be seen in figure 2c. Diameters for the graded section are in a
range from 0.5 (nominal) to 1.1 and those are defined in Tab. 2 as well.

In Fig. 2a, the two structures are represented. The material considered is the simulations is Inconel-625 alloy,
whose properties are listed in Tab. 2.

(a) (b) (c)

Fig. 2. Samples geometry with uniform and graded lattice (). Homogenized models where colors different from light blue (that is bulk material)
represent homogenized materials; for the graded sample (right), colors going from purple (bottom) to the pink (top) represents cells where
diameter is decreasing from 1.1 mm to 0.5 mm (). Example of a single cell for the graded sample, where the diameter switch happens in the
middle of the cell in order to guarantee continuity at the nodes (c).

In the first step of the method, the lattice homogenization is provided to every RVE of the two samples. For the
uniform lattice, the same homogenized media is defined everywhere; for the graded lattice, the RVE homogeneous
media is variable with the original cell properties, as it can be seen in Fig. 2b. For the latter case, the calculated
structural properties are reported in Tab. 2

Table 2. Material properties of Inconel-625, and material properties of the homogenized lattice cells, together with relative diameters.

. Inconel- Properties Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7
Properties | 625 Upper/lower 0505 | o5m6 | 0607 | 0708 | 0809 | 091 | 111
diameter [mm] (uniform)
E1/GPa] 11.092 16.631 | 26226 | 39.968 | 58.643 | 82.057 | 108.527
E [GPa] 205 E,[GPa] 11.946 16.257 | 26344 | 40.575 | 59.344 | 82.304 | 108.025
E3[GPa] 11.092 16.627 | 26.209 | 39.943 | 58.607 | 82.163 | 108.514
G12/GPa] 8.343 10.178 | 14.935 | 20.874 | 27.912 | 35.962 | 44.800
v 0.308 G13/GPa] 5.283 7.165 11.344 | 17.102 | 24.639 | 33.853 | 43913
G,3/GPa] 8.343 10.178 | 14.947 | 20.862 | 27.929 | 35979 | 44.603
Vi 0.404 0.385 0.352 0.324 0.300 0.284 0.277
G[GPa] 78.364 Vi3 0.103 0.120 0.144 0.167 0.192 0.219 0.248
Va3 0.435 0.376 0.354 0.329 0.304 0.285 0.276
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In the next step, the static analyses under nominal mean and average loads separately are conducted on the
homogenized structures. In the present case, the samples are loaded with bending force at one end and constrained at
the opposite end, in the cantilever configuration. The alternate load (100 N) provides the simulation results reported
in Fig. 3. Each element corresponds to one cell here, then the strain tensor norm of Eq. (13) can be easily represented
for the two samples. The highest value of this parameter is associated to the critical cells.

ANSYS

2021 R

Fig. 3. Strain tensor norm contour for the two samples after static analysis under the alternated load (100 N) component.

The same analysis is provided for the strain distribution under the mean load component. In case of zero mean
load, the previous one is the only strain contribution imposed to the homogenized lattice.

The critical cells are situated at one side of the uniform lattice (i.e. the side of the sample near the clamped end of
the cantilever), and approximately in the middle of the graded lattice (where the balance between external bending
moment and lattice density gives the critical situation).

The last step is de-homogenization and failure analysis, which is performed by using the Crossland method. The
strain field is extracted from the most critical cell and applied to the real 3D geometry of the RVE. The Crossland
equivalent stress of Eq. (14) is calculated and reported in Fig. 4. In this case, the stress results need to be compared
to the torsional fatigue limit of the material.

ANSYS

2021 R
ACADEMIC|
MAR 11

Fig. 4. Crossland equivalent stress contour of the most critical cell for the homogeneous (left) and graded (right) samples.
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4. Conclusions

A method for fatigue lifetime estimation is introduced, which has the advantage of simplicity, even for
topologically complex lattice structures. The linear static analysis is used to operate the lattice homogenization, to
identify the most loaded (or critical) cell through the maximum value of strain tensor norm. The de-homogenization
is then used to calculate the effective multi-axial stress components in the real cell and to apply the multi-axial
fatigue methods. The method has been implemented into a macro for the Ansys environment and validated on two
ideal structures with uniform and graded lattice shape.
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