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Abstract

Additive manufacturing (AM) techniques enable fabrication of bone-mimicking meta-
biomaterials with unprecedented combinations of topological, mechanical, and mass transport
properties. The mechanical performance of AM meta-biomaterials is a direct function of their
topological design. It is, however, not clear to what extent the material type is important in
determining the fatigue behavior of such biomaterials. We therefore aimed to determine the
isolated and modulated effects of topological design and material type on the fatigue response of
metallic meta-biomaterials fabricated with selective laser melting. Towards that end, we
designed and additively manufactured Co-Cr meta-biomaterials with three types of repeating unit
cells and three to four porosities per type of repeating unit cell. The AM meta-biomaterials were
then mechanically tested to obtain their normalized S-N curves. The obtained S-N curves of Co-
Cr meta-biomaterials were compared to those of meta-biomaterials with same topological
designs but made from other materials, i.e. Ti-6Al-4V, tantalum, and pure titanium, available
from our previous studies. We found the material type to be far more important than the
topological design in determining the normalized fatigue strength of our AM metallic meta-
biomaterials. This is the opposite of what we have found for the quasi-static mechanical
properties of the same meta-biomaterials. The effects of material type, manufacturing
imperfections, and topological design were different in the high and low cycle fatigue regions.
That is likely because the cyclic response of meta-biomaterials depends not only on the static and
fatigue strengths of the bulk material but also on other factors that may include strut roughness,
distribution of the micro-pores created inside the struts during the AM process, and plasticity.

Keywords: Co-Cr; Additive manufacturing; Fatigue behavior; Porous biomaterial.



1. INTRODUCTION

Metamaterials are materials with (unusual) mechanical, physical, or biological properties that
result from the topological design of their micro-architecture as well as the type of the material
from which they are made. In essence, metamaterials are repetitive structures that are convenient
to treat as materials for many applications given the length scale of their micro-architectures.
Depending on the physical property of interest, metamaterials are called optical metamaterials
[1-4], mechanical metamaterials [5-8], or acoustic metamaterials [9-11]. Meta-biomaterials [12]
are a specific class of metamaterials with biomedical applications. As opposed to the other types
of metamaterials where only one specific property of the material is of interest, meta-
biomaterials are simultaneously designed for several types of properties including mechanical,
mass transport, and biological properties [13-17]. Given the importance of topological design in
determining the properties of metamaterials, the form-freedom offered by additive
manufacturing (AM) techniques is instrumental in realizing meta-biomaterials with arbitrarily
complex topologies of the micro-architecture and, thus, unique properties.

Bone-mimicking meta-biomaterials are a special type of such materials that are used either as
bone substitutes to expedite bone tissue regeneration or as parts of orthopedic implants to
facilitate osseointegration and improve implant longevity. Various properties of bone-mimicking
meta-biomaterials need to be simultaneously adjusted for optimal bone tissue regeneration and
implants fixation. In this study, however, we are primarily concerned with the mechanical
properties in general and the fatigue behavior in particular while focusing on the metallic meta-
biomaterials that show high mechanical properties and long fatigue lives. Those biomaterials are
often subjected to many cycles of musculoskeletal loads specially when used in load-bearing

parts of the skeleton, highlighting the importance of studying their fatigue response. Significant



research has been conducted during the last few years into the fatigue behavior of metallic meta-
biomaterials. The major modes of loading in bone-mimicking meta-biomaterials is compression
and bending. Given the relative simplicity of compression test setups, the fatigue behavior of
meta-biomaterials is usually studied under compression-compression loading when establishing
S-N curves [12, 18-22].

Previous studies have shown that the topological design of meta-biomaterials including the

geometry of the repeating unit cell and the relative density of the porous structure (i.e. the ratio
of the density of the porous structure to the density of the bulk material it is made of: u = p / ps)

could influence their static [23-27] and fatigue [12, 28] properties. In our previous studies, it was
demonstrated that the normalized S-N curves of meta-biomaterials with different relative
densities but with the same unit cell and material type are close to each other [22]. The
normalized S-N curves are obtained by dividing the levels of stress applied to the meta-
biomaterial by its yield stress [12]. The main concerns of the previous studies have been to
investigate the effects of the topological characteristics of the porous structure on their fatigue
response, and as a result the performance comparisons have been made between porous
structures with different topological designs but made from the same bulk materials (e.g. steel
[29, 30], magnesium [31, 32], titanium [33-35], Co-Cr [36, 37]). Therefore, it is currently not
clear what the effects of material type on the normalized S-N curve are. Moreover, possible
modulations between the topological design and material type in determining the fatigue life
have not been studied before.

The aim of the current study was to investigate the isolated and modulated effects of topological
design and material type on the compressive-compressive fatigue behavior of bone-mimicking

metallic meta-biomaterials. Fatigue responses (S-N curves) of meta-biomaterials with different



topological designs made from different materials were needed to systematically address that
research question. We therefore determined the compression-compression S-N curves for a large
set of different topological designs of bone-mimicking meta-biomaterials made from a Co-Cr
alloy. The topological designs included three different types of repeating unit cells and three or
four porosities for each type of the repeating unit cell. The generated data was used in
combination with the S-N curves available from our previous studies on the fatigue behavior of
meta-biomaterials made from Ti-6Al-4V [12, 22], pure titanium [38], and tantalum [39].

2. MATERIALS AND METHODS

2.1. Materials and manufacturing

Meta-biomaterials (Figure 1) with a wide range of relative densities (0.27 < u < 0.42 for
truncated cuboctahedron, 0.29 < u < 0.42 for rhombic dodecahedron, and 0.21 < u < 0.41 for
diamond) (Table 1) were AM using a selective laser melting (SLM) machine. The strut sizes of
all meta-biomaterials were in the range of 339.8 um to 486.3 um (Table 1). To manufacture the
structures, Co-Cr powder conforming to ASTM F75 (Cr 28.5%, Mo 6%) was processed on top of
a solid substrate under inert atmosphere. After the manufacturing process, the specimens were
removed from the solid substrate using electro discharging machine (EDM). Ultrasonic cleaning
was used to remove the powder residues before microstructural, morphological, and mechanical
characterizations. All specimens were cylindrical with diameters of 15 mm and lengths of 20
mm. For the meta-biomaterials based on the diamond and truncated cuboctahedron unit cells,
four different densities were considered, while for the those based on rhombic dodecahedron,
three different densities were designed and AM (Table 1). For each unit cell size and porosity,

more than 15 specimens were manufactured. Three of the specimens were used for compressive



static tests (to obtain the yield stress of each structure type) [40] and the rest of the specimens
were used for fatigue tests under different stress levels to obtain the S-N curve.

2.2. Topological characterization

Two different techniques, namely micro-computed tomography (uCT) and dry weighing, were
used to measure the topological parameters of Co-Cr porous structures including density, strut
size, and pore size [40]. In the dry weighing method, the weight of each specimen was measured
in atmospheric conditions, and was then divided by the volume of the specimen to obtain the
average density. Subsequently, the obtained average density value was divided by the density of
the bulk Co-Cr material (i.e. p; = 8800 kg/m?3) to calculate the relative density of each
specimen. Archimedes technique was used in combination with dry weighing to measure the
volume occupied by the internal pores in the struts.

As for pCT scanning, specimens were scanned using Quantum FX (Perkin Elmer, Waltham,
MA, USA). The following parameters were used as a part of the scanning protocol: tube current
= 180 pA, tube voltage = 90 kV, scanning time = 3 min, and resolution = 42 pm. Based on the
scanned 2D images, 3D geometries were constructed using the algorithms built in the scanner
software. The constructed 3D geometries were then exported to Caliper Analyze 11.0 (Perkin
Elmer, USA) to regain the 2D images of the specimens. Using ImageJ software, the regions of
interest (ROIs) of the 2D images were created and the porosity was calculated. The inverse of
porosity was used to calculate the volume occupied by the metallic parts of the porous structure,
thus, giving the relative density.

2.3. Microstructural characterization

To observe the microstructural features of the specimens, optical microscopy and scanning

electron microscope (SEM) were used. From each set of specimens, two specimens were



selected for metallography. The specimens were first ground using sand papers from coarse (i.e.
180 grit size) to fine (i.e. 2000 grit size). The ground surfaces were then polished respectively by
3 um and 1 pm polishing papers. Two etching solutions were used to reveal the grain boundaries
of the polished surfaces from the current study as well as specimens from the previous studies
[12, 38] whose S-N curves are adopted in the current study for a more comprehensive analysis.
The pure titanium and Ti-6Al-4V specimens were etched using the Kellers etchant (190 ml water
+ 5 ml nitric acid + 3 ml Hydrochloric acid + 2 ml Hydrofluoric acid) for about 150 s, while
another etching solution, i.e. 37%HCI + 1g K2S205, was used to etch Co-Cr specimens for 5
min.

The surface morphology, microstructure, and fatigue fracture surfaces were observed with a
scanning electron microscope (SEM, JSM-IT100, JEOL). To evaluate the difference between the
roughness of Co-Cr and Ti-6Al-4V structures, their roughness values were measured for the
same unit cell type (i.e. diamond). Several SEM images were taken from both structure types
made from Co-Cr and Ti-6Al-4V structures and the surface roughness was calculated by
measuring the diameters at the central part of randomly chosen struts. The surface roughness for

both structures were obtained using the arithmetical mean deviation technique:

1w (1)
R, = EZD’H
=1

where n = 10 is the number of the struts chosen and y; is the difference between the diameter of
the i strut and the average diameter.

2.4. Mechanical testing

To have a better understanding of the local mechanical properties of both the bulk and porous
structures made of Co-Cr and Ti-6Al-4V structures, Vicker’s micro-hardness tests were

performed. The polished surfaces of the bulk and porous specimens (with roughness values up to
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1 um) were indented using a Vickers hardness test machine (DuraScan-70, Struers, Netherlands)
while applying the HV 0.5 test protocol. The hardness was measured in 20 random positions and
the average and standard deviation values were calculated.

The quasi-static mechanical properties of the porous structures were obtained [40] using Instron
5985 in accordance with ISO 13314:2011 [41]. The displacement rate was set to 1.8 mm/min and
a 100 kN load cell was used to measure the load. The yield and plateau stresses of the porous
structures were used for normalizing their S-N curves. To calculate the yield stress, a line was
offset to the right side of the initial linear part of the stress-strain curve for 0.2% and its
intersection with the stress-strain curve was obtained. The plateau stress was calculated by
obtaining the arithmetical mean of the stress values between 20% and 30% strains [41]. The
static mechanical test results for Co-Cr were adopted from our other study [40].

The fatigue tests were performed following the protocols established in our previous studies on
the bone-mimicking meta-biomaterials made from Ti-6Al-4V [12, 22], pure titanium [38], and
tantalum [39]. All the fatigue tests were compressive-compressive with a minimum to maximum
compressive loading ratio of 0.1 and a frequency of 15 Hz. The fatigue tests were stopped after
the stiffness of the specimens had reached 10% of their initial value (i.e. when the displacement
magnitude was 10 times higher than its initial value). If the specimen did not fail after 10° cycles
of loading, the test was stopped. For each type of porous structure, the fatigue tests were repeated
for several levels of stress and the corresponding fatigue lives were obtained. The stress levels
chosen for each porous structure type was chosen in such a way that the meta-biomaterial gave
fatigue lives in the range of 103 — 10°. Using the applied stress level and the resulted fatigue life

values, the S-N curve of each specimen was obtained. By dividing the stress in the S-N curve of



each structure by its yield, o, or plateau stress, g, value, the normalized S-N curves of all
meta-biomaterials were obtained.

2.5. Statistical analysis

A two-term power series model (ax” + ¢) was fit to each normalized S-N curve of Co-Cr
structures. Lower and upper confidence limits for each fitting was obtained using the Statistics
and Machine Learning Toolbox of MATLAB (2013b, MathWorks, USA). The confidence level
was chosen as 95%.

3. RESULTS

Microscopic images (Figure 2) demonstrated that the surface of the struts of the meta-
biomaterials made from Ti-6Al-4V are coarser than those of the Co-Cr porous structures.
Moreover, there was more powder adhered to the struts of Ti-6Al-4V structures as compared to
the Co-Cr specimens. The roughness values measured for the Co-Cr porous structure were about
half of that of the Ti-6Al-4V porous structure (25.85 um as compared to 48.46 pum). The
percentages of the volume occupied by the internal pores in the struts of Ti-6Al-4V and Co-Cr
porous structures were found to be close (97.86+1.49% for Ti-6Al-4V as compared to
98.23+0.55% for Co-Cr). The microstructure was also different in both materials. The Co-Cr
microstructure was composed of columnar grains in different directions. Metastable, high-
temperature cubic y phase was observed in the microstructure of Co-Cr specimens, which is
likely due to high cooling rates experienced during the SLM process (Figure 3a-b). The Ti-6Al-
4V specimens exhibited needle-shaped o' martensite grains (Figure 3c-d). The o phase normally
possesses a lamellar morphology while o' is needle-shaped. Since the SLM process has cooling
rates in the order of 106 K/s [42], this results in the transformation of a to a'. The fatigue

fracture images showed that there were no uniform crack growth directions in the Co-Cr



specimens and the fracture path was tortuous (Figure 4a). However, the fracture surface of Ti-
6Al-4V specimens were relatively flat and the crack propagation was in a uniform direction.
Visual examination clearly showed that manufacturing defects like unwelded and unmelted
powders are more visible on the strut surface of the Ti-6Al-4V specimens as compared to the Co-
Cr specimens (compare Figure 2b with Figure 2d).

The Vickers hardness values for the bulk and porous structures of Co-Cr were close (both around
460), while the Vickers hardness value of Ti-6Al-4V porous structure was 17% lower than that
of bulk Ti-6Al-4V material (Table 6). As expected, by increasing the relative density of each
type of meta-biomaterials, the absolute compressive stress, o mqy, corresponding to the same
fatigue life increased (Figure 6). The normalized S-N data points of diamond structure
normalized with respect to both yield stress and plateau stress as well as for truncated
cuboctahedron structure normalized with respect to plateau stress had small spreads (Figure
7a,b,f). The spread of data points was larger for the other cases (i.e. thombic dodecahedron
structure normalized with respect to both yield stress and plateau stress as well as the truncated
cuboctahedron structure normalized with respect to yield stress) (Figure 7c,d,e). The S-N data
points of all the structures normalized by yield stress was in the range of 0.48-1.64 (Figure 7,
left), while the range for the S-N data points normalized with respect to plateau stress was in the
range of 0.31-1.2 (Figure 7, right).

The differences between the normalized S-N curves of meta-biomaterials with the same unit cell
type but made of different materials were significant (Figure 8). For all unit cell types, the stress
values in the normalized S-N curve of the structures based on Co-Cr were significantly higher
than those of the structures made from other materials (Figure 8). Among the meta-biomaterials

based on the rhombic dodecahedron unit cell, the highest stress values in the normalized S-N
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curve respectively belonged to Co-Cr, pure titanium, tantalum, and Ti-6Al-4V (Figure 8). None
of the normalized S-N curves intersected each other in the considered range of cycle numbers
(i.e. in the high cycle region). The 95% Cls of the Co-Cr and Ti-6Al-4V structures based on the
same unit cell type did not also show any overlapping (Figure 8).

4. DISCUSSIONS

4.1. Topological/material modulation

The results of this study clearly showed that the normalized S-N curves of AM meta-biomaterials
are determined by both their topological design and material type (Figure 8-9). Comparing the
effects of topological design with those of the material type show that material type influenced
the normalized S-N curves to a much greater extent (Figure 9). The S-N curves and 95%
confidence limits of meta-biomaterials made from Co-Cr and Ti-6Al-4V constitute two separate
clusters, which do not overlap with each other. However, structures made from the same material
but based on different unit cells showed considerable overlapping (Figure 9).

The modulated effects of topological design and bulk material properties on the fatigue response
of meta-biomaterials is the opposite of what we have found for the quasi-static properties of the
same meta-biomaterials [40]. In our other study [40], we found that the topological design could
result in up to 10-fold difference in the quasi-static mechanical properties of meta-biomaterials,
while the effects of material type did not go beyond 2-fold. It would be interesting to extend the
current study to other prevalent biocompatible materials as well as other promising unit cell
types (see for examples [43]) to see which of the two factors of material type or topological
design is more influential in determining the fatigue response of AM meta-biomaterials.

The other interesting difference observed between the fatigue performance of meta-biomaterials

made of Co-Cr and that of Ti-6Al-4V was the maximum strength recorded in their S-N curves
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normalized with respect to yield stress (Figure 7 left and Figure 8, see also [12]). The maximum
fatigue strength of meta-biomaterials made of Ti-6Al-4V did not exceed 80-90% of the yield
stress (in cycles around 103 — 10%) [12, 22]. By setting the applied stress in the fatigue test of
meta-biomaterials made of Ti-6Al-4V to values around 90% of yield stress, the structure
experienced immediate fatigue failure before reaching 100 cycles. The maximum fatigue
strength of meta-biomaterials made of Co-Cr, however, could go up to values around 170% of
their yield strengths (in cycles around 103 — 10%) (Figure 7 left). A similar trend has been
observed in the literature regarding the high fatigue strength of Co-Cr solid materials which
showed fatigue strengths around 130% of yield stress [44], 99% of yield stress [45], and 127% of
yield stress [46] at 105 cycles. In the same studies, fatigue strengths around 124% of yield stress
[45] and 150% of yield stress [46] at cycle numbers around 10* was reported. This is another
observation that signifies the importance of material type in determining the fatigue response of
meta-biomaterials.

Ideally, one would like to use scaffolds that have exactly same morphological parameters. In this
study, however, we also used the data available from several studies that were previously
performed and whose designs changed during the current study. There were therefore some
differences in the absolute values of morphological parameters between the different material
types. In particular, the strut size of the Co-Cr porous structures used in this study was almost
twice that of the reported Ti-6Al-4V and Ta scaffolds. This may have also contributed to the
improved fatigue behavior of Co-Cr-Mo scaffolds as compared to other materials.

4.2. The effects of surface roughness and grain morphology

Surface roughness affects the fatigue crack initiation because stress concentration is drastically

raised in sharp-angled particles. One of the reasons behind the higher fatigue lives of Co-Cr
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structures as compared to Ti-6Al-4V specimens could be the much smoother surface of the Co-
Cr porous structures (Figure 2). Moreover, the columnar grains of Co-Cr grow in different
orientations and could therefore interlock each other [47]. The texture resembling a common
weaved fabric could improve the fatigue resistance of the material, as the crack path will be more
tortuous then and the fatigue crack growth rate will likely slow down. Figure 4(a) shows the
crack propagation tortured in different orientations. The crack propagation energy could be
absorbed at multiple scales, respectively, by the microscopically weaved elongated grains and by
the grain boundaries, resulting in longer fatigue lives of Co-Cr structures.

As for the SLM Ti-6Al-4V, the microstructure is of needle o' martensite type due to the rapid
cooling rate. As is clear from Figure 4(b), the cracks grew along the needle-shaped grains. The
crack growth resistance seems to be lower and the crack surface is fairly smooth. The low
ductility of the martensite phase in Ti-6Al-4V implies sensitivity to notches. This could be
another explanation for the shorter fatigue lives observed. We also found more manufacturing
defects in Ti-6Al-4V struts. The internal pores and unmelted powders on the surface could both
serve as stress concentration sites for fatigue crack initiation. Although the internal pore volume
percentage was similar and negligible in both the materials, the much higher external surface
roughness in the Ti-6Al1-4V structures (Figure 2) could lead to more significant decrease in the
fatigue life of Ti-6Al-4V meta-biomaterials as compared to Co-Cr structures. The hardness tests
also demonstrated the detrimental effects of rapid cooling on porous Ti-6Al-4V specimens (i.e.
17% reduction in the local hardness as compared to bulk Ti-6Al-4V), while the rapid cooling
effect was almost negligible in Co-Cr porous structures (Table 6).

In surface-finished parts, the design geometry of the part plays an important role in determining

the stress concentration factor. In AM porous structures with pore sizes smaller than 1 mm,
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however, the irregularities created by the manufacturing processes play the dominant role in
determining the stress concentration factor. These irregularities in the external surface are
created by first large melt pools the size of which is comparable to the strut size and second by
unmelted powders on the surface. While the stress concentration effect of the powder particles
adhered to the final product is similar in the porous structures with different relative density, the
effect of melt pool size on the stress concentration factor becomes larger as the nominal strut
diameter decreases. This is due to the fact that as the nominal strut diameter decreases the ratio
of the melt pool size to the nominal strut diameter increases (compare Figure 10a and 10b). This
can also explain the lower lives of structures with lower relative densities. Moreover, the stress
concentration factors are expected to be higher for scaffolds with higher roughness values. For
example, the stress concentration factors of Ti-6Al-4V specimens are expected to be higher than
those of Co-Cr specimens

4.3. The effects of the mechanical behavior of the bulk material

Our results demonstrated that the normalized fatigue strengths of meta-biomaterials made of Co-
Cr are much higher than those of other meta-biomaterials (Figure 8-9). This could be attributed
to the intrinsic properties of stress concentration factor and its different effects on fatigue and
static loadings as well as to the difference in the mechanical behavior of the bulk material. Co-Cr
specimens demonstrate higher levels of strain-hardening while the degree of strain hardening in
pure titanium and Ti-6Al-4V is much less. In other words, the difference between ultimate stress
and yield stress in bulk Co-Cr is significant (our tests [40] demonstrated that ultimate stress is
about 3-4 times larger than the yield stress) while in pure titanium and Ti-6Al-4V they are
relatively close. In Co-Cr porous structures, due to high strain-hardening capacity, the effects of

stress concentration are offset by local plasticity particularly in the vicinity of crack front. In Ti-
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6Al-4V structures, due to much less strain-hardening capacity, the stress-concentration effects
lead to quicker crack initiation and therefore quicker failure in the struts of the porous structures.
This could explain why the normalized S-N curves of Ti-6Al-4V meta-biomaterials are generally
much lower than those of Co-Cr meta-biomaterials.

The results also demonstrated that in the normalized S-N curves of porous structures, the spread
of the data points is greater in Co-Cr specimens as compared to Ti-6Al-4V, pure titanium, and
tantalum specimens. In particular, the spread of the data points was relatively large in Co-Cr
rhombic dodecahedron and truncated cuboctahedron cases. In the normalized S-N curves of Co-
Cr meta-biomaterials based on the same unit cell type, as the relative density of the porous
structure increased, the data points of the meta-biomaterials with higher relative densities lie
higher. This could be once more attributed to the post-elastic behavior of the bulk Co-Cr
material. It has been reported [40] that by increasing the relative density, the porous Co-Cr
material shows more strain-hardening behavior in its stress-strain curve before reaching the first
maximum stress. This is expected, as the similarity between the fatigue response of porous
structures and that of the bulk Co-Cr material should increase with relative density. It is worth
noting that bulk Co-Cr exhibits S-N data points that are as large as 150% of its yield stress [44-
46]). That is why the normalized S-N curves of structures with higher relative densities tend to
be higher than those with lower relative densities, and therefore a spread in normalized S-N
curve is observed.

4.4. HCF/LCF differences

The fatigue response of meta-biomaterials depends not only on the static and fatigue behavior of
the bulk material and topological design but also on the roughness of the outer surface of the

struts (which greatly affects crack initiation), distribution of the micro-pores created inside the
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struts during the AM process (which affects the crack propagation mechanism), and plasticity
(which affects both crack initiation and crack propagation mechanisms). Effects such as surface
finish and material imperfections are more dominant in high cycle fatigue (HCF) range as
compared to low cycle fatigue (LCF), because their influence increases as the stress level
decreases. This is due to the fact that in HCF, the crack nucleation occurs due to intrusion and
extrusion in the material. However, in LCF, the main cause of crack nucleation is bulk plastic
deformations. The effects of surface irregularities and the material internal imperfections are
therefore much less apparent in LCF as compared to HCF. As is clear from Figure 9, the material
and imperfection effects are most prominent in the HCF region. For example, for the rhombic
dodecahedron unit cell, for fatigue lives around 10* cycles (i.e. LCF), the ratio of the stress level
of Co-Cr porous structure to that of the Ti-6Al1-4V porous structure is about 2.58:1. For fatigue
lives around 10° cycles (i.e. HCF), the noted ratio becomes about 5.5:1. As another example, for
the diamond unit cell type, for fatigue lives around 10* cycles (i.e. LCF), the ratio of the stress
level of Co-Cr porous structure to that of the Ti-6Al-4V porous structure is about 1.68:1, while
for fatigue lives around 10° cycles (i.e. HCF) the noted ratio is about 2.6:1. Empirical approaches
are typically used to account for imperfection effects particularly when using the S-N approach.
Another type of effect comes from cyclic plasticity, which typically is more prominent in the
LCF as compared to HCF. Those include effects such as strain hardening, cyclic softening or
hardening, stress gradient, etc. Such effects are more prominent in the LCF due to the higher
plastic deformation in this regime. It is difficult to account for those effects using empirical
approaches and, therefore, more analytical methods such as strain-life method are more suited.
As it can be seen in Figure 9, the S-N curves of the Co-Cr and Ti-6Al-4V structures become

closer to each other in the LCF. It is not easy to say which of the two parameters of
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manufacturing imperfection and post-elastic material behavior of Co-Cr or Ti-6Al-4V stand for
this significant decrease in the difference between the S-N curves of the two structures in LCF as
compared to HCF in Figure 9. Due to intrinsic differences in the AM parameters such as powder
size, laser power, layer thickness, and working temperature used to manufacture meta-
biomaterials made of different materials, it is difficult to answer the above-mentioned question
using only empirical methods. To better distinguish between the material and manufacturing
imperfection effects, computational methods [48] could be implemented to investigate the effects
of each parameter exclusively by keeping other parameters unchanged. Using computational
methods such as the finite element method, it is also possible to study the changes in the local
stresses and strains in the most vulnerable locations of each unit cell type, which itself can be
obtained using microscopic imaging as well as finite element modeling. Effects such as
multiaxial stresses could also become important in AM meta-biomaterials due to the complex
loading conditions in the struts and vertices of the porous structures.

In the LCF regime, it might be better to use methods not just based on stress or strain, but both.
For example, when material response changes based on the applied stress, such as in strain
hardening or cyclic hardening/softening, such approaches (for example SWT [49, 50], Fatemi-
Socie [51], energy methods [52, 53], etc.) are more quantitative and could better account for
those effects. It should be kept in mind that discussing the fatigue response in terms of LCF and
HCF is only useful for distinguishing the main trends, as such a classification typically only
applies to constant applied loading. The realistic loading conditions of most components and
structures, including biomedical implants is variable amplitude. In such loading cases, there are

many low amplitude cycles belonging to HCF and some overload cycles belonging to LCF.

17



Therefore, such problems cannot be classified as either LCF or HCF. The approaches
incorporating both stress and strain typically work better for this class of problems.

4.5. Loading condition

Although after implantation, the porous structures are usually loaded in both compression and
bending loads, in this study, similar to previous studies in the literature [12, 18-22], only the
compression-compression tests were carried out for comparing the performance of porous
structures with different topological designs and made from different materials. Testing the
fatigue behavior of meta-biomaterials under bending load is more challenging, as the loading
conditions will be dependent on the anatomical site, the type of implant, and anatomical features
of the patient. In comparison, the number of factors in axial compression-compression testing is
more limited. However, to validate an implant (with or without porous body), it is always
recommended to carry out experimental fatigue tests with loading conditions which are chosen to
be as close as possible to the actual loading conditions experienced in the human body.

4.6. Applications in biomedical implants

As previously mentioned, AM meta-biomaterials need to satisfy several requirements regarding
their mechanical, mass transport (e.g. permeability, diffusivity), and topological (e.g. curvature)
properties in order to qualify as suitable bone substitutes. It is often assumed that the various
properties of AM meta-biomaterials should mimic those of the native bone tissue. Since there are
significant variations in the properties of the native bone tissue, it is generally more appropriate
to present a range of acceptable properties. All AM porous meta-biomaterials considered here
show elastic moduli in the range of those reported for bone [40, 54-56]. As for the fatigue
behavior, the S-N curves determined here and in the previous studies are often used to determine

the stress level for which the implants could undergo at least one million of loading cycles

18



without failure. Regarding the bio-compatibility requirements, all included materials are
considered to be sufficiently bio-compatible [57, 58]. In certain applications of AM meta-
biomaterials including treatment of critical sized bony defects, it is often ideal to use
biodegradable metallic biomaterials that break down after fully regenerating functional bone
tissue. None of the materials considered here are biodegradable. Indeed, the progress in
development of AM biodegradable metallic meta-biomaterials has been very limited so far.
Ultimately, all the developed meta-biomaterials need to be tested in animal models and clinical
studies before routine clinical application. Our previous animal studies have shown the potential
of both AM porous Ti-6A1-4V [59, 60] and AM porous tantalum [39] for treatment of critical
size bony defects. The in vivo response to Co-Cr alloys may not be as favorable as the response
to titanium alloys [61]. However, it has been recently shown that adding small amounts of Zr
could significantly improve the osseointegration of Co-Cr implants [62].

5. CONCLUSIONS

We studied the isolated and modulated effects of topological design and material type on the
fatigue behavior of AM meta-biomaterials. The relative density of the Co-Cr meta-biomaterials
based on diamond unit cell did not have a significant effect on their normalized S-N curves
similar to what was previously observed for Ti-6Al-4V structures based on all the unit cell types.
However, unlike what had been previously observed for Ti-6Al-4V structures, the relative
density had a considerable effect on the normalized S-N curves of Co-Cr porous structures based
on truncated cuboctahedron and particularly rhombic dodecahedron unit cells. These differences
could be attributed to the large difference between the post-elastic behavior of Co-Cr as
compared to the other considered materials. Bulk Co-Cr material showed a substantial strain-

hardening behavior which also leads to its very high fatigue strength (previous studies have
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shown that it can have S-N data points as large as 150% of its yield stress [44-46]). As the
relative density increases, the fatigue response of porous structure becomes more similar to the
bulk Co-Cr material and topology contributes less to the fatigue response. It was observed that,
in general, as compared to the topological design (unit cell type and porosity), the material type
and manufacturing imperfections are more important in determining the normalized S-N curves
of AM meta-biomaterials particularly in the HCF region. This is the opposite of what we found
for the quasi-static mechanical properties of the same materials and topologies. The effects of
material type, manufacturing imperfections, and topological design were different in the LCF
and HCF regions. That is due to the fact that the fatigue response of AM meta-biomaterials is
dependent not only on the static and fatigue strengths of the bulk material but also on other
factors such as the roughness of the outer surface of the struts (affecting crack initiation),
distribution of the micro-pores created inside the struts during the AM process (affecting crack
propagation procedure), and plasticity (affecting both crack initiation and crack propagation

procedures). The contribution of each of the noted parameters is different in the HCF and LCF

regions.
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FIGURE 1- SIDE VIEW OF THE ADDITIVELY MANUFACTURED CO-CR POROUS STRUCTURES
BASED ON (A) DIAMOND (B) RHOMBIC DODECAHEDRON, AND (C) TRUNCATED
CUBOCTAHEDRON UNIT CELLS [40]

FIGURE 2- STRUT SURFACE MORPHOLOGY OF SELECTIVE LASER MELTED (A) CO-CR
(MAGNIFICATION: X30), (B) CO-CR (MAGNIFICATION: X100), (C) TI-6AL-4V
(MAGNIFICATION: X30), AND (D) TI-6AL-4V (MAGNIFICATION: X100) POROUS
STRUCTURES BASED ON DIAMOND UNIT CELL

FIGURE 3- SEM AND OPTICAL MICROSCOPY IMAGES OF THE MICROSTRUCTURE OF THE
STRUTS IN SELECTIVE LASER MELTED (A-B) CO-CR AND (C-D) TI-6AL-4V POROUS
STRUCTURE.

FIGURE 4- FATIGUE FRACTURE MORPHOLOGY OF THE STRUTS IN SELECTIVE LASER MELTED
(A) CO-CR AND (B) TI-6AL-4V POROUS STRUCTURE. FATIGUE FRACTURE SURFACES ARE
INDICATED BY RED ARROWS.

FIGURE 5- MANUFACTURING DEFECTS IN THE STRUTS OF SELECTIVE LASER MELTED (A) CO-
CR AND (B) TI-6AL-4V POROUS STRUCTURES

FIGURE 6- S-N CURVES OF CO-CR POROUS STRUCTURES BASED ON (A) DIAMOND, (B)
RHOMBIC DODECAHEDRON, AND (C) TRUNCATED CUBOCTAHEDRON UNIT CELLS
(2C, MAX STANDS FOR MAXIMUM COMPRESSIVE STRESS, I.LE. MINIMUM STRESS, IN EACH
LOADING CYCLE)

FIGURE 7- NORMALIZED S-N CURVES OF CO-CR POROUS STRUCTURES BASED ON DIAMOND,
RHOMBIC DODECAHEDRON, AND TRUNCATED CUBOCTAHEDRON UNIT CELLS. IN
EQUATIONS PRESENTED IN EACH GRAPH, Y REPRESENTS THE VERTICAL AXIS
PARAMETER (LE. C, MAX/2X) AND X REPRESENTS THE HORIZONTAL PARAMETER (LE.
NUMBER OF CYCLES TO FAILURE). R2 REPRESENTS THE COEFFICIENT OF
DETERMINATION FOR THE SIMPLE LINEAR REGRESSION METHOD USED FOR FITTING
THE CURVES TO THE DATA.

FIGURE 8- COMPARISON OF NORMALIZED S-N CURVES OF POROUS STRUCTURES MADE
FROM CO-CR, TI-6AL-4V, TANTALUM, AND COMMERCIALLY PURE TITANIUM BASED ON
(A) DIAMOND, (B) RHOMBIC DODECAHEDRON, AND (C) TRUNCATED CUBOCTAHEDRON
UNIT CELLS

FIGURE 9- COMPARISON OF NORMALIZED S-N CURVES OF CO-CR POROUS STRUCTURES
BASED ON DIFFERENT UNIT CELL TYPES

FIGURE 10- MORPHOLOGY OF CO-CR POROUS STRUCTURES BASED ON TRUNCATED
CUBOCTAHEDRON UNIT CELL WITH RELATIVE DENSITIES OF 0.236 (TCO-1) AND (B) 0.386
(TCO-4).
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Tables

Table 1- Topological design and morphological properties of the porous structures made from Co-Cr

alloy [40]
Co-Cr (L=20 mm, D=15 mm)
Relative density Strut size (um) Pore size (um)
Dry Nominal Nominal

weighting uCT (Design) uCT (Design) uCT
Truncated cuboctahedron (TCO)
TCO-1 0.236 0.27 324 343.2 876 917.76
TCO-2 0.269 0.28 356 339.84 844 895.2
TCO-3 0.336 0.334 410 396.96 790 821.472
TCO-4 0.386 0.424 460 433.584 740 669.312
Rhombic dodecahedron (RD)
RD-1 0.299 0.292 310 349.44 590 506.256
RD-2 0.372 0.475 370 402.528 530 492.576
RD-3 0.415 0.532 430 446.4 470 431.76
Diamond (D)
D-1 0.209 0.272 320 357.216 580 650.736
D-2 0.267 0.35 375 390.384 525 541.488
D-3 0.34 0.445 415 440.928 485 465.6
D-4 0.401 0.526 450 486.288 450 411.36

Table 2- Topological design and morphological properties of the porous structures made from Ti-6Al-
4V alloy [12, 22]

Ti-6Al-4V (L=15 mm, D=10 mm)

Relative density Strut size (um) Pore size (um)
Dry Nominal Nominal

weighting uCT (Design) uCT (Design) uCT
Truncated cuboctahedron (TCO)
TCO-1 0.2 0.17 234 350 876 862
TCO-2 0.22 0.2 460 416 1040 1142
TCO-3 0.27 0.27 577 482 923 1079
TCO-4 0.33 0.36 693 564 807 1049
Rhombic dodecahedron (RD)
RD-1 0.163 0.158 120 140 500 560
RD-2 0.229 0.223 170 218 500 608
RD-3 0.299 0.288 170 216 450 486
RD-4 0.336 0.342 230 251 500 560
Diamond (D)
D-1 0.11 0.11 277 240 923 958
D-2 0.2 0.21 450 363 750 780
D-3 0.26 0.28 520 472 680 719
D-4 0.34 0.36 600 536 600 641
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Table 3- Topological design and morphological properties of the porous structures made from pure
titanium [38]

Pure titanium (L=15 mm, D=10 mm)

Relative density Strut size (um) Pore size (um)
Dry Nominal Nominal
weighting  Archimedes  (Design) uCT (Design) uCT

Rhombic dodecahedron (RD)
RD-1 0.183 0.184 120 - 500 -
RD-2 0.215 0.216 170 500
RD-3 0.286 0.289 170 450
RD-4 0.333 0.34 230 500

Table 4- Topological design and morphological properties of the porous structures made from
tantalum [39]

Tantalum (L=15 mm, D=10 mm)

Relative density Strut size (um) Pore size (um)
Dry Nominal Nominal
weighting  Archimedes  (Design) uCT (Design) uCT
Rhombic dodecahedron (RD)
RD 0.201 0.203 150 - 500 -

Table 5- Mechanical properties of the bulk materials [40]

Oys E

s
[MPa] |GPa]
Ti-6A1-4V [63] 980 122
201.5 (Mechanical test

Co-Cr [40] 657 205 (Irr(lpulse Excitatimz)
Commercial pure
titanium [38] 300 100
Tantalum [39] 180 179

Table 6- Vickers hardness values obtained from the hardness tests

Bulk Porous
Co-Cr 460 + 28.897 460.75 £29.994
Ti-6Al-4V 523.25 +£47.4983 433.142 + 8.952
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Figure 1- Side view of the additively manufactured Co-Cr porous structures based on (a) diamond (b)
rhombic dodecahedron, and (c) truncated cuboctahedron unit cells [40]
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(c) d

Figure 2- Strut surface morphology of selective laser melted (a) Co-Cr (magnification: X30), (b) Co-Cr
(magnification: X100), (c) Ti-6Al-4V (magnification: X30), and (d) Ti-6Al-4V (magnification: X100)

porous structures based on diamond unit cell
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(C) 3= r L« Lo > — L4 - b} . (d)
Figure 3- SEM and optical microscopy images of the microstructure of the struts in selective laser
melted (a-b) Co-Cr and (c-d) Ti-6Al-4V porous structure.
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Figure 4- Fatigue fracture morphology of the struts in selective laser melted (a) Co-Cr and (b) Ti-6Al-
4V porous structure. Fatigue fracture surfaces are indicated by red arrows.
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(b)
Figure 5- Manufacturing defects in the struts of selective laser melted (a) Co-Cr and (b) Ti-6Al-4V
porous structures
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Figure 6- S-N curves of Co-Cr porous structures based on (a) diamond, (b) rhombic dodecahedron,
and (c) truncated cuboctahedron unit cells (o ;45 Stands for maximum compressive stress, i.e.
minimum stress, in each loading cycle)
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Figure 7- Normalized S-N curves of Co-Cr porous structures based on diamond, rhombic
dodecahedron, and truncated cuboctahedron unit cells. In equations presented in each graph, y
represents the vertical axis parameter (i.e. o ,,4x/0) and x represents the horizontal parameter (i.e.
number of cycles to failure). R? represents the coefficient of determination for the simple linear
regression method used for fitting the curves to the data.
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Figure 8- Comparison of normalized S-N curves of porous structures made from Co-Cr, Ti-6Al-4V,
tantalum, and commercially pure titanium based on (a) diamond, (b) rhombic dodecahedron, and (c)
truncated cuboctahedron unit cells
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Figure 9- Comparison of normalized S-N curves of Co-Cr porous structures based on different unit
cell types

36



SED 20.0kV 3 S500pm  — SED 20.0kV 37 S500pm  —

(a) (b)
Figure 10- Morphology of Co-Cr porous structures based on truncated cuboctahedron unit cell with
relative densities of 0.236 (TCO-1) and (b) 0.386 (TCO-4).
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