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Abstract

This paper investigates the effect of strut thickness and number of pores on the fatigue performance of
Ti-6Al-4V voronoi lattice structures designed with the same part volume. The aim of this study is to establish
the variation in high cycle fatigue parameters for constant volume lattice structures designed with various
lattice parameters. Voronoi geometries were designed with varying strut thicknesses and number of pores to
maintain a constant specimen volume. The geometries were tested under compressive fatigue conditions at a
reversal ratio, R, of 0.1. It was found that the strut thickness has a significant influence on the fatigue life of
the lattice. An increase in the strut thickness by 100 pm can result in a reduction in fatigue life by up to a factor of

10. The results from this research can influence the design of lattice structures for osteointegration in load-
bearing biomedical implant applications.
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Introduction

Additive manufacturing (AM) allows for the manufacture of complex lattice structures by using a layer-
by-layer approach to manufacturing parts. Lattice structures are also known as metamaterials, which are structures
that are designed so that their properties are primarily geometrically-driven. For biomedical applications, these
lattice structures can be used in orthopaedic implants to promote osseointegration, as well as mimicking the
mechanical properties of human bone. Typically, for orthopaedic implants, the pore size range of these lattice
structures should be in the range of 150 to 600 um [1]. The reported porosity of trabecular bone ranges from 50
to 90 % [2, 3]. Biocompatible materials, such as the Titanium alloy, Ti-6Al-4V, are used for the manufacture of
orthopaedic implants.

Researchers have used various methods of generating bio-mimicking lattice structures, such as repeated
cellular units [4, 5], TPMS (triply periodic minimal surface) [6, 7], stochastic lattices based on a Poisson disk
algorithm [4, 8, 9] and Voronoi tessellation [10, 11]. This research focuses on the Voronoi tessellation method.
A Voronoi lattice is a 3D isotropic porous interconnected model that can be designed to mimic the physical
properties of bone, such as trabecular thickness, trabecular separation, trabecular number, bone volume to total
volume ratio and bone surface to bone volume ratio, for example [11].

Load-bearing implants in the body undergo cyclic compressive loading, which can result in fatigue
damage in extreme cases. ASTM [12] defines fatigue as “the progressive, localised permanent structural change
occurring in a material subjected to conditions which produce fluctuating stresses and strains at some point or
points which may culminate as cracks”. Under fatigue loading, failure of materials can be observed at loads less
than the monotonic yield strength of the material. Fatigue can be categorised into either high-cycle fatigue (HCF)
or low-cycle fatigue (LCF), depending on the number of cycles to failure, Nr. The total life, Vg, is represented as
the sum of the number of cycles to crack initiation, »;, and the number of cycles for the crack to propagate to a
detectable or critical length, Np, where Ny = N; + Np. Wohler [13, 14] was the first to carry out a systematic study
on fatigue. A relationship between stress and fatigue life was observed; the stress range has a greater influence
on fatigue life than the peak stress [15]. From this work, S-N (stress vs number of cycles to failure) curves were
proposed to estimate fatigue lives; this S-N curve method is still used today. Since then, many researchers have
developed fatigue failure criterion based on stress [16, 17, 18] or strain [19, 20] conditions.

Recently, researchers have investigated the fatigue behaviour of metallic metal-biomaterials. The primary
loading conditions on orthopaedic implants are compression and bending. Therefore, many researchers, e.g. [21,
22, 23, 24, 25, 26], have investigated the compressive fatigue loading of bone-mimicking bio-metamaterials,
establishing S-N curves for the metamaterials.

This paper investigates the effect of the geometry lattice parameters on the fatigue behaviour of Ti-6Al-
4V Voronoi lattices manufactured via Laser Powder Bed Fusion (L-PBF). To this end, lattice structures are

13



designed to have the same volume, i.e. the same lattice density, but different lattice parameters, such as strut
thickness and number of pores. Two lattice geometries are designed with strut thickness differing by 100 um.
These lattices are then tested in compressive fatigue under high cycle fatigue loading conditions. S-N curves are
derived from the experimental results and high-cycle fatigue parameters calculated.

Methodology
Design and manufacture of lattice specimen

Voronoi lattice structures were designed using nTopology software [27]. The test samples were designed
based on ISO 13314 [28] standard for the compression testing of porous and cellular metals. Cylindrical specimen
of diameter 10 mm and height of 15 mm [28] were used for the two lattice geometries, presented in Figure 1,
were designed and used in this study. The density of the lattices was design to be approximately 20 %. Often the
density of a porous structure is predefined, for example to match the density of a particular bone type. Therefore,
for this study a constant density was used for the design to investigate the effect of the geometry variables that
result in the same density. The design parameters for the two geometries are presented in Figure 1.

Geometry 1

volume: . olume density:
3495 mm 21%

250.8 mm?®

Strut thickness: Designed Surface area: |l |, Designed
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& ) : N Designed ‘ : ’ Designed
Strut thickness: volume: Surface area: I {61 ;me density:
250 ym 5825 mm?

253 mm® 21%
Figure 1. Two Voronoi lattice geometries used in this study, Geometry 1 and Geometry 2, with the same part
density, but different strut thicknesses and number of pores.

Ten of each lattice structure presented in Figure 1 were manufactured via L-PBF on an EOS M100
machine. The material used was Grade 23 Ti-6A1-4V ELI (Extra Low Interstitials) supplied by Carpenter Additive
[29]. The laser spot size of the EOS M 100 machine was approximately 40 pm. The build chamber was maintained
at 40 °C and under an inert Argon atmosphere throughout the manufacturing process. The specimen were removed
from the build plate using Wire EDM. Powder was removed for the lattice structures using a combination of dry
ice blasting and ultrasonic cleaning.

Characterisation of lattices

The volume of the manufactured lattices was measured using Helium gas pycnometry on a Micrometics
Accupyc 1340 gas pycnometer. This is a volume measurement methodology based on Boyle’s Law. The specimen
is placed in a chamber and Helium (He) is pumped into the chamber to a known a set pressure. This volume of
He is then released into a second chamber of known volume and the pressure of the gas in this chamber is
measured. From this, the volume of the lattice structure is calculated. The pycnometry tests were repeated five
times per sample and then averaged. He gas was used as it has low density and can penetrate small surface pores
to get an accurate measurement of the volume. The mass of each specimen was also measured.
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Fatigue testing
Compressive fatigue tests were conducted on the specimen using an Instron Electropulse 3 kN testing
machine at a frequency of 15 Hz [22]. A reversal load ratio, R, of 0.1 was used for the loading conditions, ensuring
that the specimen were under compressive loading throughout all tests. R is given by:
R = F min (1)

Fmax

where Fmin and Fmax are the minimum and maximum forces for each fatigue cycle. The maximum and minimum
applied forces for each loading condition is presented in Table. The fatigue tests were stopped after 1 million
cycles if the specimen did not fail.

Table 1. Loading conditions for compressive fatigue testing of lattices.

Loading Condition Fmax (N) Fmin (N)
LC1 -2852 -285.2
LC2 -2333 -233.3
LC3 -1815 -181.5
LC4 -1296 -129.6
LCS -778 -78.8

Fatigue material model
From the fatigue test results, S-N curves for each lattice geometry were correlated. The stress was
calculated based on the force per unit area, which was calculated based on the average cross-sectional area per
unit height of the lattice. A comparison between the designed geometry and actual geometry was investigated.
Basquin [17] developed the stress-life approach, by observing a log-log relationship between stress
amplitude and the fatigue life for high-cycle fatigue (HCF). The Basquin equation is given by:

2 = oj(amy)’ @

where Ao is the stress range, U]i is the fatigue strength coefficient and b is the fatigue strength exponent. Fatigue
parameters for the two lattice geometries are compared.

Results and discussion

Characterisation of manufactured lattices

The measured volumes for the two lattice geometries are presented in Figure 2. There is a large difference
between the designed and manufactured volumes. This is associated with the partially sintered particles on the
struts of the lattice, as well as the surface roughness of these struts. This has a larger effect of the lattice volume
for Geometry 2, due to the larger surface area associated with the thinner struts combined with the larger number
of pores. The strut thicknesses of the two geometries are shown in the SEM images presented in Figure 3. The
average strut thickness of the as-build Geometry 1 is 350 um, which is the same as the designed strut thickness.
However, the average strut thickness for Geometry 2 is 290 pm, which is 40 pm larger than the designed
thickness. This can be attributed to the accuracy of the laser in the L-PBF for hatch strategies for smaller parts.
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Figure 2. Manufactured volumes and densities of the two voronoi geometries compared to the design criteria.
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Figure 3. SEM images of (a) Geometry 1 with an average strut thickness of 350 um, and (b) Geometry 2 with
average strut thickness of 290 pm.

Fatigue life of lattices

Figure presents the force-displacement loading loops for both geometries, for the maximum loading
conditions, i.e. Fmax of 2.852 kN, at for initial cycle, mid-cycle and final cycle of the compressive fatigue test.
These loops confirm that no plasticity occurred in the samples during testing and therefore, all fatigue tests
conducted were under high cycle fatigue loading conditions. However, it is possible that some localised plasticity
occurred at highly localised stress concentrations within the lattice structure. Therefore, Figure demonstrates that
the dynamic mechanical behaviour of the metamaterial was elastic and therefore, tested in high cycle fatigue.
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Figure 4. Force displacement loops for the initial cycle, a mid-cycle and the final cycle for LC1 compressive
fatigue loading conditions on (a) Geometry 1, and (b) Geometry 2.

Summaries of the minimum and maximum stresses for each loading condition on the two geometries are
presented in Figure . The stresses presented here are based on the designed cross-sectional area of the specimen.
This is to highlight the requirement to determine the actual cross-sectional area of the lattices after manufacturing.
For Geometry 1 (Figure (a)), the test reached 1 million cycles for LC3, as presented in Table. Whereas, Geometry
2 (Figure (b)) reached 1 million cycles for LC5 as presented in Table. For both geometries, a life of over 10°
cycles was determined to be infinite cycles. A considerable difference can be seen between the two geometries.
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Figure 5. Minimum and maximum stress evolution, as calculated using the designed cross-sectional area, for
each load case, as presented in Table, for (a) Geometry 1, and (b) Geometry 2.

Figure presents the evolutions of the minimum and maximum actual stresses, based on the measured L-
PBF lattices, for each loading condition on the two geometries. As expected from the measured volume results
presented in Figure 2, the actual stresses are lower compared to those presented in Figure 5. Geometry 2 has a
significantly lower load-bearing capacity compared to Geometry 1. For Geometry 2, LC2 had a maximum
compressive stress range (40/2 = (|omax - Omin|)/2) of 33 MPa, similar to the compressive range stress of 39 MPa
experienced by Geometry 1 for LC3. However, Geometry 1 test was considered to run infinitely i.e. greater than
10° cycles, whereas, Geometry 2 failed after 4.8 x 10* cycles. This is a considerable difference in the dynamic
load-bearing capability of the two structures under similar loading conditions. Despite Geometry 2 being
manufactured to have a larger cross-sectional area, it has a lower fatigue load carrying capabilities compared to
Geometry 1. This can be attributed to the increased surface area of Geometry 2, which provides more crack
initiation points, combined with the thinner struts, meaning that once a crack initiations, it requires fewer cycles
to propagate to failure of the structure.
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Figure 6. Minimum and maximum stress evolution, as calculated using the actual cross-sectional area, for each
load case, as presented in Table, for (a) Geometry 1, and (b) Geometry 2.

Figure 7 presents the S-N curves for Geometry 1 and Geometry 2, as calculated for the design stress
(Figure 7 (a)) and the actual stress (Figure (b)) for each sample. For both the design and the actual stress graphs,
a significant difference between the two geometries can be observed. As seen in Figures 5 and 5, Geometry 1
have a greater dynamic load-bearing capacity compared to Geometry 2. Critically, there is a significant difference
between the S-N curves, as calculated using the designed cross-sectional area and as calculated using the actual
cross-sectional area. For example, for Geometry 2 and at a stress range of 40 MPa, the fatigue life using the actual
cross-sectional area S-N curve is in the range of 1.5 x 10*; whereas, if the designed cross-sectional area S-N curve
is used, the fatigue life is in the range of 5.6 x 10°. This represents a factor greater than 10 between the two S-N
curves, highlighting the requirements to measure the actual manufactured lattice structure rather relying solely on
the design data.

Overall, Geometry 2 has a considerably lower fatigue life, compared to Geometry 1. This can be attributed
to a few different factors. Firstly, the thinner struts in Geometry 2 results in fewer microstructural grains in the
cross-section of the strut, compared to Geometry 1. Grain boundaries have been shown to hinder crack
propagation of fatigue cracks, resulting in increased cycles for crack propagation [30]. Therefore, the greater the
number of grain boundaries in a cross-section of a lattice strut, the greater the number of cycles for crack
propagation. Furthermore, the larger number of pores in the lattice of Geometry 2 means that there is a larger
probability of a stress concentration occurring. These stress concentration also have a larger effect on the structure
of Geometry 2 due to the thinner struts. Finally, as presented in Figures 2 and 3, Geometry 2 has a larger surface
area compared to Geometry 1. This provides more area for crack initiation points, which are further exacerbated
by the inherent surface roughness from L-PBF.
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Figure 7. S-N curves for Geometry 1 and Geometry 2 for (a) the design stress for each sample, and (b) the
actual stress for each samples.
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Fatigue coefficients

Basquin parameters (a]i and b) can be estimated from monotonic test data using the universal slopes
method [17, 31]. This method gives estimated fatigue coefficients based on monotonic tensile test results for
ultimate tensile strength, ours, e.g. ¢ = 1.90uts, and b = —0.12. This method has been used to provide a baseline
for the high-cycle fatigue parameters for L-PBF Ti-6Al-4V, presented in Table 2 [30].

Basquin high-cycle fatigue parameters for Geometries 1 and 2 were obtained from the HCF test data
presented above. Table 2 also presents the Basquin high-cycle fatigue parameters for Geometries 1 and 2, based
on the stress calculated using the designed cross-sectional area. The fatigue strength exponent, b, is about twice
that of the baseline for L-PBF Ti-6Al-4V, shown in Table 2. The fatigue strength coefficients, 0]5, for both
geometries are lower than that of the baseline for L-PBF Ti-6A1-4V. The Basquin high-cycle fatigue parameters
for Geometries 1 and 2, based on the stress calculated using the actual cross-sectional area of the parts are also
presented. The fatigue strength exponent, b, for each geometry is the same as those presented in Table 2. However,
the fatigue strength coefficients, af', for both geometries are lower than those calculated for the designed cross-

sectional area of the specimen.

Table 2. Baseline high-cycle fatigue parameters for L-PBF Ti-6Al-4V, calculated using the Universal Slopes
Method [31] and for Geometries 1 and 2, calculated using the designed and manufactured cross-sectional areas
of the structures.

Material or (MPa) b
Universal slopes method [30] Ti-6A1-4V 1710 -0.12
Based on designed geometry gzgﬁgz ; 1930680 :8%;
Geometry 1 975 -0.21
Based on manufactured geometry Geometry 2 470 0.22

Figure presents HCF experimental test results with Basquin fit for Geometries 1 and 2, from Table 2, compared
to the baseline Basquin equation for L-PBF Ti-6Al-4V, for the stress range calculated using the designed cross-
sectional areas (Figure (a)) and the actual cross-sectional areas for the specimen (Figure (b)). There is a good fit
between the experimental data and the Basquin equations.
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Figure 8. HCF experimental test results with Basquin fit for Geometries 1 and 2, compared to the baseline
Basquin equation for L-PBF Ti-6Al-4V, for the stress range calculated using (a) the designed cross-sectional
areas, and (b) the actual cross-sectional areas for the specimen.

Discussion

The use of the Basquin equation alone assumes that the fatigue loading on the structures is uniaxial, where
the largest principal stress is much greater than the other principal stresses. Due to the design of the structures, a
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multiaxial fatigue approach may be more accurate for the prediction of fatigue in complex structures. In lattice
structures, multiaxial fatigue can be further complicated by the potential for non-proportional loading. Under
proportional loading conditions the principal stresses remain in constant proportion to each other, and hence the
angle of the principal axes remains constant throughout the fatigue cycle. Non-proportional or out-of-phase
loading results in extra cyclic hardening due to the rotation of principal axes. The critical plane approach was
developed from the work of Brown and Miller [32]. It is based on the physical observation that fatigue cracks
initiate and grow on certain planes within a material, where the crack growth and orientation depend on the normal
stresses and/or shear stresses and strains on these planes [33]. The planes on which most fatigue damage occurs
are called critical planes. This approach overcame the limitations of the Brown and Miller [32] approach with
respect to the increased damage associated with out-of-plane loading.

Conclusions

This paper presented an investigation into the effect of Voronoi lattice geometry on the fatigue
performance of Ti-6Al-4V. Two different lattice structures with the same overall lattice density were design in
nTopology. The strut thicknesses of the lattices differed by 100 um. Therefore, the number of pores also different,
to maintain a constant volume between the designs. These designs were manufactured via L-PBF and the
differences between the designed and manufactured part correlated. The two lattice geometries were dynamically
tested under compressive fatigue loading and fatigue parameters defined. The primary findings of the paper can
be concluded as follows:

e A lattice geometry design with a larger surface area results in a larger discrepancy between the designed
volume and the actual L-PBF manufactured volume. This is due to the adherence of particles to the surface
of the lattice struts. The increased surface area resulted in more crack initiation points due to the inherent
surface roughness of L-PBF parts.

e The high-cycle fatigue load-bearing capacity of the lattices structure is highly dependent on the lattice
geometry, in particular, the strut thickness. The lattice structure with thinner struts exhibited considerably
lower fatigue strength compared to the thicker lattice with larger strut thickness.

e A reduction in lattice strut thickness can result in a reduction in the fatigue life of the lattice by a factor of
10.

e [t is essential to measure the difference between the designed and actual cross-sectional area of the lattice
structures. Failure to do so could result in the over prediction of fatigue life of a component.

Finally, this paper has outlined the high cycle fatigue performance considering the lattices structure as a
metamaterial. However, further in depth studies of the multi-axial fatigue of a lattice structure will provide an
understanding into the failure mechanisms. This will require the implementation of critical plane multi-axial
fatigue analysis of lattices structures under dynamic loading within a finite element simulation. By
understanding the failure mechanisms of the lattice structures, the design of lattices can be tuned to prolong the
fatigue life of the structures.
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