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Abstract
Additive manufacturing (AM) techniques enable fabrication of bone-mimicking metabiomaterials with unprecedented combinations of topological, mechanical, and mass transport
properties. The mechanical performance of AM meta-biomaterials are 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 CoCr 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 metabiomaterials. 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 was different in the high and low cycle fatigue regions.
This is due to the fact that the cyclic response of meta-biomaterials depends not only on the static
and fatigue strengths of the bulk material but also on other factors such as the 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.
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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 due to 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, metabiomaterials 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 fatigue behavior in particular while focusing on metallic metabiomaterials 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
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research has been conducted during the last few years into the fatigue behavior of metallic metabiomaterials. Since the major mode of loading in bone-mimicking meta-biomaterials is
compression, compression-compression fatigue tests have been performed and the corresponding
S-N curves have been established [18-20].
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:

)

could influence their static [21-24] and fatigue [12, 25] 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 coincide with each other [26]. The
normalized S-N curves are obtained by dividing the levels of stress applied to the metabiomaterial by its yield stress. The same did not, however, hold for structures with different unit
cell types but same porosity [12]. 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
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combination with the S-N curves available from our previous studies on the fatigue behavior of
meta-biomaterials made from Ti-6Al-4V [12], pure titanium [27], and tantalum [28].
2. MATERIALS AND METHODS
2.1. Materials and manufacturing
Meta-biomaterials (Figure 1) with a wide range of relative densities (0.27

0.42 for

truncated cuboctahedron, 0.29

0.41 for

0.42 for rhombic dodecahedron, and 0.21

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

to 486.3

(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). 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) [29] 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 (µCT) and dry weighing, were
used to measure the topological parameters of Co-Cr porous structures including density, strut
size, and pore size [29]. In 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
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average density. The obtained average density value was then divided by the density of the bulk
Co-Cr material (i.e.

8800

/

) to calculate the relative density of each specimen.

As for µCT 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 µA, tube voltage = 90 kV, scanning time = 3 min, and resolution = 42 µm. Based on the
scanned 2D images, 3D geometries were constructed using the built-in algorithms in the scanner
software. The constructed 3D geometries were then exported to Caliper Analyze 11.0 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 µm and 1 µm 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, 27] 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%HCl + 1g K2S2O5, was used to etch Co-Cr specimens for 5
min.
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The surface morphology, microstructure, and fatigue fracture surfaces were observed with a
scanning electron microscope (SEM, JSM-IT100, JEOL).
2.4. Mechanical testing
The quasi-static mechanical properties of the porous structures were obtained [29] using Instron
5985 in accordance with ISO 13314:2011 [30]. 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. Plateau stress was calculated by obtaining
the arithmetical mean of stress values between 20% and 40% strains. The static mechanical test
results were adopted from our other study [29].
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], pure titanium [27], and
tantalum [28]. 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 10

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
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each structure by its yield or plateau stress value, the normalized S-N curves of all metabiomaterials were obtained.
3. RESULTS
Microscopic images (Figure 2) demonstrated that the surface of the struts of the met-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 microstructure was also different in both materials. While the Co-Cr microstructure was
composed of columnar grains in different directions, the Ti-6Al-4V specimens exhibited needleshaped α′ martensite grains (Figure 3). The fatigue fracture images showed that there were no
uniform crack growth directions in the Co-Cr specimens and the fracture path was tortuous.
However, the fracture surface of Ti-6Al-4V specimens were relatively flat and the crack
propagation was in a uniform direction. The manufacturing defects like unwelded and unmelted
powders were more visible on the strut surface of the Ti-6Al-4V specimens as compared to the
Co-Cr specimens (Figure 4).
As expected, by increasing the relative density of each type of meta-biomaterials, the absolute
stress corresponding to the same fatigue life increased (Figure 5). By dividing the stress value in
the S-N plots of each structure by their yield or plateau stress (Figure 11 in [12]), the normalized
S-N data points were obtained (Figure 6). For each unit cell type, the normalized S-N curves
were similar regardless of the porosity. A single power law fit was therefore used to represent the
normalized S-N curve pertaining to each unit cell type (Figure 6). The S-N curves of all the
structures normalized by yield stress was in the range of 0.45-1.7 (Figure 6, left), while the range
for the S-N curves normalized with respect to plateau stress was in the range of 0.3-1.1 (Figure 6,
right).
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The normalized S-N curves were, however, different for meta-biomaterials with the same unit
cell type but made of different materials (Figure 7). 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 7). Among the meta-biomaterials based on the
rhombic dodecahedron unit cell, the highest stress values in the normalized S-N curve
respectively belonged to Co-Cr, pure titanium, tantalum, and Ti-6Al-4V (Figure 7). None of the
S-N curves intersected each other in the considered range of cycle numbers (i.e. in the high cycle
region).
4. DISCUSSIONS
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. All material types showed the
same type of dependency on the topological design: the normalized S-N data points of metabiomaterials with the same unit cell type but with different relative densities all collapse into
single lines The only exception was the rhombic dodecahedron structure with the RD-3
structures showing relatively higher S-N points with respect to RD-1 and RD-2 (Figure 6).
However, topology design of the unit cell has considerable effect on the resulted S-N curve.
Comparing the effects of topological design with those of the material type show that material
type could influence the normalized S-N curves to a much greater extent. For example, the
maximum difference in the normalized fatigue strengths of meta-biomaterials made from the
same material but based on different unit cell types is about 0.2 for Co-Cr and around 0.1 for Ti6Al-4V (Figure 8). In comparison, the maximum difference between the normalized fatigue
strength of meta-biomaterials based on the rhombic dodecahedron unit cell but made of different
materials is about 0.6 (Figure 8). This is the opposite of what we have found for the quasi-static
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properties of the same meta-biomaterials [29]. We found that the topological design could result
in up to 10-fold difference in the 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 [31]) 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
normalized with respect to yield stress (Figure 6 left and Figure 7, 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 10

10 ) [12]. 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 metabiomaterials made of Co-Cr, however, could go up to values around 170% of their yield
strengths (in cycles around 10

10 ) (Figure 6 left). A similar trend has been observed in the

literature regarding the high fatigue strength of Co-Cr solid materials which showed strengths
around 130% of yield stress [32], 99% of yield stress [33], and 127% of yield stress [34] at 10
cycles. In the same studies, fatigue strengths around 124% of yield stress [33] and 150% of yield
stress [34] at cycle numbers around 10 was reported. This is another reason which demonstrates
the importance of material type in determining the fatigue response of meta-biomaterials.
Surface roughness affects the fatigue crack initiation because the stress concentration is
drastically raised at the sharp angled particles. One of the reasons behind the higher fatigue lives
of Co-Cr structures as compared to Ti-6Al-4V specimens could be the much smoother surface of

10

the Co-Cr porous structures (Figure 2). Moreover, the columnar grains of Co-Cr grow in
different orientations and could therefore interlock each other [35]. 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 may slow down. Figure 3(b) 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.
For selective laser melted Ti-6Al-4V, the microstructure is of needle α′ martensite type because
of the rapid cooling rate. As is clear from Figure 3(d), 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. When defects
such as porosity or surface roughness are present, they will manifest as cracks and propagate to
failure faster due to this notch sensitivity. This could be another explanation for the shorter
fatigue performance observed. We also found more manufacturing defects in Ti-6Al-4V struts as
shown in Figure 4. The internal pores and unmelted powders on the surface could both serve as
stress concentration sites for fatigue crack initiation and therefore decrease the fatigue life of Ti6Al-4V meta-biomaterials.
The fatigue responses of meta-biomaterials depend not only on the static and fatigue behaviors of
the bulk material and topological design, but are also dependent on the roughness of the outer
surface of the struts (which greatly affects crack initiation), distribution of the micro-pores
created inside the struts during the AM process (which affects the crack propagation procedure),
and plasticity (which affects both crack initiation and crack propagation procedures). Effects
such as surface finish and material imperfections are more dominant in high cycle fatigue (HCF),
11

as compared to low cycle fatigue (LCF), because their influence increases as the stress level
decreases. As is clear from Figure 8, the material and imperfection effects are most prominent in
the HCF region. Empirical approaches are typically used to account for those effects, particularly
with the S-N approach. Another type of effect comes from cyclic plasticity, which typically
exists in the LCF but not in 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 8, 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
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 8. Due to intrinsic differences in the AM parameters such as powder
size, laser power, layer thickness, and working temperature used to manufacture metabiomaterials 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 [36] 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.
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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 [37, 38], FatemiSocie [39], energy methods [40, 41], 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.
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.
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 meta-biomaterials did not
have a significant effect on their normalized S-N curves. However, the topological design of the
unit cell, manufacturing imperfections, and the material type had considerable effects on the
normalized S-N curve. It was seen that, as compared to the topological design, 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. 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
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roughness of the outer surface of the struts (affecting crack initiation), distribution of the micropores 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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Tables
Table 1- Topological design and morphological properties of the porous structures having different
unit cell types and sizes [29]
Relative density
Dry
weighting
µCT
Truncated cuboctahedron (TCO)
TCO-1
0.236
0.27
TCO-2
0.269
0.28
TCO-3
0.336
0.334
TCO-4
0.386
0.424
Rhombic dodecahedron (RD)
RD-1
0.299
0.292
RD-2
0.372
0.475
RD-3
0.415
0.532
Diamond (D)
D-1
0.209
0.272
D-1
0.267
0.35
D-3
0.34
0.445
D-4
0.401
0.526

Strut size (µm)
Nominal
(Design)
µCT

Pore size (µm)
Nominal
(Design)
µCT

324
356
410
460

343.2
339.84
396.96
433.584

876
844
790
740

917.76
895.2
821.472
669.312

310
370
430

349.44
402.528
446.4

590
530
470

506.256
492.576
431.76

320
375
415
450

357.216
390.384
440.928
486.288

580
525
485
450

650.736
541.488
465.6
411.36

Table 2- Mechanical properties of the bulk materials [29]
,

Co-Cr [29]

657

[GPa]
122
201.5 (Mechanical test)
205 (Impulse Excitation)

Commercial pure
titanium [27]
Tantalum [28]

300
180

100
179

Ti-6Al-4V [42]

[MPa]
980
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Figure(s)

(a)

(b)

(c)
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 [29]
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(a)

(b)
Figure 2- Strut surface morphology of selective laser melted (a) Co-Cr and (b) Ti-6Al-4V porous
structures based on diamond unit cell
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(a)

(b)

(c)
(d)
Figure 3- Microstructure and fatigue fracture morphology of the struts in selective laser melted (a-b)
Co-Cr and (c-d) Ti-6Al-4V porous structure. Fatigue fracture surfaces are indicated by red arrows.
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(a)

(b)
Figure 4- Manufacturing defects in the struts of selective laser melted (a) Co-Cr and (b) Ti-6Al-4V
porous structures
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Figure 5- S-N curves of Co-Cr porous structures based on (a) diamond, (b) rhombic dodecahedron,
stands for maximum compressive stress in each
and (c) truncated cuboctahedron unit cells ( ,
loading cycle)
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Figure 6- Normalized S-N curves of Co-Cr porous structures based on diamond, rhombic
dodecahedron, and truncated cuboctahedron unit cells
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Figure 7- 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 8- Comparison of normalized S-N curves of Co-Cr porous structures based on different unit
cell types
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