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Abstract
Additively manufactured porous titanium implants, addition to preserving the excellent
biocompatible properties of titanium, have very Brs@@fness values comparable to those of
natural bones. Although usually loaded in compmssbiomedical implants can also be
under tensional, shear, and bending loads whidlfsléa crack initiation and propagation in
their critical points. In this study, the staticdafatigue crack propagation in additively
manufactured porous biomaterials with porositiesvben 66% and 84% is investigated
using compact-tension (CT) samples. The samples wearde using selective laser melting
from Ti-6Al-4V and were loaded in tension (in stasitudy) and tension-tension (in fatigue
study) loadings. The results showed that displacéraecumulation diagram obtained for
different CT samples under cyclic loading had salvemilarities with the corresponding
diagrams obtained for cylindrical samples under m@®sion-compression cyclic loadings
(in particular, it showed a two-stage behavior)r Bdoad level equaling 50% of the yield
load, both the CT specimens studied here and thedagal samples we had tested under
compression-compression cyclic loading elsewhehabéed similar fatigue lives of around
10* cycles. The test results also showed that forstmae load level 00.5F,, the lower
density porous structures demonstrate relativehgdo lives than the higher-density ones.
This is because the high bending stresses in hegisity porous structures gives rise to local
Mode-I crack opening in the rough external surfatehe struts which leads to quicker
formation and propagation of the cracks. Under lbth static and cyclic loading, all the
samples showed crack pathways which were not patalbut madé5° angles with respect
to the notch direction. This is due to the fact thathe rhombic dodecahedron unit cell, the
weakest struts are located4if® direction with respect to the notch direction.
Keywords. Porous biomaterials; Fatigue behavior; Crack pgagan; Additive

manufacturing; Biomedical scaffolds.



1. INTRODUCTION

Autologous and allogeneic bone grafts from iliaestrare known as the gold standard for
treating large bone defects [1]. However, problensh as donor morbidity, low bone stock
availability, and post-surgery complexion has lgdittheir use and given rise to use of
synthetic materials [2]. Titanium and its alloyse dsiocompatible and corrosion resistant
materials that have been long used as parts obmatdic implants. The much higher
stiffness of titanium compared to bone, howevelpans the natural bone around the implant
and causes bone resorption. Porous titanium implanthile keeping the excellent
biocompatible properties of titanium, have much natiffness values that can be as low as
those of natural bone [3]. The interconnected holépace inside the porous materials also
allows for easy body fluid transport and therefenbsequent bone growth inside the porous
structure [4, 5].

Additive manufacturing techniques such as seledagser melting (SLM) [6], selective laser
sintering (SLS) [7], fused deposition modeling (FPM, 8], and selective electron beam
melting (SEBM) [9] have several advantages oveditiGnal manufacturing techniques.
These advantages include precise control over tiecell size and shape, providing the
possibility of integrating the solid and poroustpanside an implant, and creating patient-
specific implant. While the static properties oflaively manufactured porous biomaterials
have been usually found in the range of naturakldén 10-13], their fatigue properties are
more difficult to determine due to their high paties as well as the defects created during
manufacturing processes. Since implants are uslagljed several times in daily activities,
understanding their fatigue properties is of imagoce [14]. Since the porous biomaterials are
usually loaded in compression, the few recent sgidn their fatigue behavior is dedicated to
their fatigue mechanical properties under compoessompression loads [14-17]. Although

the weight-bearing implants are usually loaded eamgression (to carry body weight),



depending on their shape, current position, andction and magnitude of other external
loads, the implants can also be loaded in bendinggaring, and tension which leads to mode-
| fatigue crack initiation and propagation. Indeeden when the porous structure as a whole
is under compression, (parts of) individual stratght be under tension.

While no study has been carried out on the craokamgation in the additively manufactured
porous structures, there are a few studies in witheh fracture toughness and crack
propagation properties of traditional foams hasnbetudied. The fracture toughness
measurements of Olurin et al [18] on compact tangT) specimens showed an R-curve
behavior. Tests on specimens with sharp notcheseshthat their fracture behavior is notch
insensitive but is very dependent on the developrokaorack bridging ligaments behind the
crack tip. Kabir et al [19] studied the effect cdrius parameters such as loading rate,
specimen size, crack length, foam density, cekrdation (flow and rise-direction), cross-
linking, and solid material properties on the fraet behavior of polymeric foams. They
found foam density and the mechanical propertiethefsolid material the most important
parameters in determining the fracture behavigradymeric foams. More recently, Kashef et
al investigated the fracture toughness [20] andjdat crack growth [21] behavior of open-
cell titanium foams manufactured by space-holdethow for medical applications. They
observed that compared to solid titanium, titanidoams with 60% porosity had a
significantly higher Paris exponent, which can bplained by crack bridging and crack
closure [21]. They also showed that the fatigueclcrgrows through the weakest path
throughout the foam.

In this study, the static and fatigue crack propiagabehavior of additively manufactured
porous biomaterials with porosities between 66% &4 is investigated using CT samples.
The samples were made using SLM technique and t@sted under tension (in static study)

and tension-tension (in fatigue study) loadingse Tailure mechanisms were investigated



using displacement increment data and damage patbpagpathways. To better observe the
stress distribution in the samples, finite elem@it) models based on beam elements were
also developed and solved.

2. METHODOLOGY

2.1. Experimental tests

Four types of samples were manufactured by seketdser melting method (Layerwise NV.,
Belgium). All specimens had the same general dimassof 30 mm x 31.25 mm x 6 mm.
The other dimensions of the specimens are showigire 1 that are selected according to
standard ASTM E647-13a. The specimens had strgseection dimensions betwegf0
and251 uym and pore sizes betwedB6 and608 um (Table 1). The above-mentioned strut
and pore dimensions led to relative densities betwis.3% and 33.6% (Table 1 and Figure
2). The specimens were processed on top of a sobdtrate in inert atmosphere and were
made of the biomedical Ti-6Al-4V ELI titanium all®pherical powders according to ASTM
B348. All the specimens were designed using theestype of repeating unit cell, i.e.
rhombic dodecahedron. Each specimen type wastésted under static loading (Instron
electropuls e10000 with 10 kN load cell) using spthcement rate of 1 mm/min. The load in
the end of the elastic region in the load-displaeeinturve was measured for each specimen
type and a value about half of that value was wsedhe maximum stress in the cyclic
loading. The load ratio (the ratio of the maximuwnthe minimum load in each loading cycle)
was set tR = 0.1. All the specimens were tested under tension-¢arnfsitigue. The loading-
unloading frequency was set to 15 Hz in all tests.

2.2. Numerical modeling

To better observe stress distribution in the stofithe specimens, FE models (Figure 3) were
made and simulated using a commercial packageA(N8.Y'S static standard solver). The FE

models had general dimensions similar to thosetiah specimens. For each specimen type,



the strut size was set to the strut size of theesponding specimen. Due to presence of
irregularities in the cross-section area of thatstin the additively manufactured specimens,
the struts of the FE model were discretized usimg Timoshenko beam elements with
different diameters. Timoshenko beam elements iIrSX8 uses linear interpolation and
takes transverse shear deformation into accoumt striat diameter at each location of the FE
model were taken from a Gaussian distribution fimnctvhose mean value was taken from
the mean value of the manufactured struts (Tabkndl)its standard deviation was set to the
values measured experimentally (Table 1). The sid of the manufactured specimens was
also created in the FE model and discretized ugihic elements. The DOFs of the neighbor
nodes located in the interface between the soltporous regions in the neighborhood of
the grips were coupled to each other. The nodesprig to the volumetric elements around
the lower grip were constrained in all the direeioThe nodes belonging to the volumetric
elements around the top grip were constrained an& Z directions and were displaced in Y
direction. The displacement values df= 0.1,0.2,0.3,0.4, and 0.5 mm were considered.

d =05mm was the maximum displacement below which the ewmertal load-
displacement curve was linear for all the test damfphe mechanical properties of bulk Ti-
6Al-4V (Table 2) were used for modeling the mechahbehavior of the struts as well as the
solid portions of the specimens.

3. RESULTS

3.1. Experimental tests

Under isostatic loading, all the specimens showedirgtial linear part in their load-

displacement curve (Figure 4). In this regime, ocal damage was observed in the struts.
After observing some initial damages in the notplot the specimens, the load-displacement
curve slope decreased very rapidly and the logolatisment curve reached a maximum

point (at displacement range around 0.6-0.8 mnyreig). After this maximum point, all the



load-displacement curves showed a decreasing tréhe. sharp edges in the load-
displacement curves (Figure 4) represent the quicgagation of crack tip from a unit cell to
the next. Specimens with lower relative densitidsitdted higher number of sharp edges in
their load-displacement curve (which demonstratesdiscrete crack tip propagation in the
specimen) (Figure 4). The specimen with the higbessity did not show any sharp edges in
the decreasing part of the load-displacement ctivaesuggests a smooth crack propagation
trend (Figure 4). Generally, the maximum load ie bad-displacement curve increased by
increasing the relative density of the porous s$tmec(Fno=211, 552.4, 688.45, and 1141.41
kN for n=16.3%, 22.9%, 29.9%, and 33.6%, respelstiieigure 4). Increasing the relative
density of the porous structure also increasedilding displacement value (.64, 0.69,
0.71, and 0.81 mm for p=16.3%, 22.9%, 29.9%, an®%3 respectively, Figure 4). The
maximum displacement (rupture displacement) insthecimens did not show any significant
trend with respect to relative density8.69, 2.24, 1.66, and 4.09 mm for p=16.3%, 22.9%,
29.9%, and 33.6%, respectively, Figure 4).

Due to some technical problems, fatigue tests odaZD-500 specimen type could only be
done on two specimens. All the specimens showeaddgeslisplacement-cycle curves (Figure
5). In the first stage, displacement increased stwly (Figure 5). In the second stage, the
displacement increased exponentially (the crackagated very fast) until the final fracture
of the specimen (Figure 5). Generally, the fati¢jtes of all the specimens was close and
between 5,000 and 15,000 cycles (Figure 5). Tha fatigue fracture in all the specimens
occurred in displacements around 1 mm (i.e. whendibplacement reacheg=d.08-1.41,
0.71-0.94, 0.78-0.95 and 0.78-0.95 mm for p=16.229%, 29.9%, and 33.6%, mm, the
displacement-cycle curve became almost asympt®mous structures with higher relative
densities showed more consistent displacement-cgalwes within their three tested

specimens. For example, the fatigue lives of theettlspecimens having relative densities of



33.6% almost coincided with each other (7600-78@€fles), while the fatigue lives of the
specimens having relative density of 22.9% werérange of 8,981-12,400. The measured
fatigue lives was usually higher in structures wiater relative densities (7600-7800 cycles
for the highest density structures versus 13248%48r the lowest density structure, Figure
5) (note that the load level in all the specimen80% of their yielding point obtained from
static tests). In all specimens (under both statid cyclic loads), the crack pathway was
almost straight and made4&° angle with the notch direction (for example, see track
pathway in Figure 6). The experimental results byclw Figures 4-5 were plotted can be
found in sections S.2 and S.3 accompanying therpape

3.2. FE simulation

The stress contour of the 170-500FE model under 0.5 mm displacement of the top grip
showed that both the minimum (compressive) and mami (tensile) stress occur in the area
around the crack tip (Figure My increasing the displacement value from 0.1 & the
stress level in the struts increased. For instanddge Ti 170-500 model, the maximum stress
reached 431, 862, 1290, 1340, 1640 MPa at respéctii=0.1, 0.2, 0.3, 0.4, 0.5 mm. The
stress distribution in other cases can be founsention S.1 of the supplementary material
accompanying the paper. By changing the appligolatitsment to values smaller than d=0.5
mm, the measured load was decreased linearly.

4. DISCUSSION

The displacement accumulation diagram obtaineddftierent CT samples under cyclic
loading (Figure 5) had several similarities withe thorresponding diagrams obtained for
cylindrical specimens under compression-compressychic loadings [14, 15]. For instance,
the displacement accumulation diagram showed astage behavior. Multi-stage strain
accumulation diagrams have been observed for patiustures manufactured using both

traditional [22, 23] and additively manufacturireghniques [14-16]. The other similarity was



that, when the load level was 50% of the yield |damth the CT specimens studied here and
the cylindrical specimens we tested under comprassompression cyclic loading elsewhere
[14] had similar fatigue lives of arourid* cycles. The static diagrams of the CT specimens
were, however, different from the cylindrical speens [14]. The porous structures usually
show a long plateau stage in their load-displac¢éroerve while loaded under compression
[24]. After the plateau regime, the load startdncrease exponentially because cell edges
come into contact with each other (known as deraifin regime [25]). The CT specimens,
however, showed bell-shaped load-displacement swwth their maximum point in their
middle part.

The displacement-cycle diagrams showed that forstirae load level 00.5 E,, the lower
density porous structures demonstrate longer likas the higher-density ones. This can be
attributed to the difference in the contributionstifess types (axial or bending) generated in
the struts of structures with different strut radii high-density porous structures (that have
thick struts), the bending stress takes a muchetargntribution than the axial stress in the
total stress generated in the struts. On the dthed, in very low-density structures with thin
struts, axial stress usually contributes more #ofélure process as compared to the bending
stress. The fatigue failures in porous structuees Well as other types of materials) are
usually caused by Mode-I crack initiation and piggiéon in the struts. The high bending
stresses in the high-density porous structures geeeto high local Mode-1 crack opening
situation in the rough external surfaces of thetstwhich leads to quicker formation and
propagation of fatigue cracks. This explains whyhi@ same load level @5 F,, the higher-
density porous structures usually have smallegdatilives. In static loading, however, local
plasticity compensates the high stresses gendogitbdnding stresses.

In this study, FE models were created to obsereesthess distribution created in the CT

specimens under tensional loading. The FE resuimved that both the minimum



(compressive) and maximum (tensile) stresses irathiee structure are created in the struts
in the vicinity of the crack tip. The next steprinmerical modeling would be the simulation
of damage propagation in the porous structuresh Sueerical simulation would decrease
the study costs to a great amount since the costdditively manufacturing of several
specimens and testing them is still relatively hidgihe step-by-step damage propagation
under compressive loading was carried out in o@vipus study [15]. In a step-by-step
fatigue damage propagation simulation, the numlbesiroulation cyclesNg, can be lower
than the number of cycles it takes for the structor be failed)N. In the other words, each
simulation cycle can consist of a number of loadingpading cyclesAn;. The damage
accumulated in the struts in each simulation cydan be calculated using Miner’s rule [26].
The simulation results, however, showed that vargdAn; can lead to inaccurate results. In
that study, it was shown that the obtained numkeresults coincide each other for different
An; values, only if “in each solution cyclén; is chosen in such a way that the number of
removed elements is lower than 0.05% of the totahlmer of elements” [15]. Despite the
attempts to decrease computational time, a comfaétgue damage propagation simulation
could take 40 h using a Core i7 CPU and 6 GB RAKkbnt-numerical modeling point of
view, the advantage of the CT specimens underdeakload over the cylindrical specimens
under the compressive loads is that in the fortinerdamage area is concentrated around the
notch tip. Therefore, in the CT structures, modgtime microstructure of the lattice structure
around the notch tip would be sufficient. A muitate model with two different zones would
be suitable for such purpose: (a) a micro-scalee zmound notch tip in which the micro-
structure of the porous structure is modeled atsthat level, and (b) a macro-scale zone
covering the rest of the specimen in which largekbelements with elastic mechanical

properties of the porous structure are used fareligation.
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Under both static and cyclic loads, all the speastghowed crack pathways which mdde
angles with the notch direction. The solid matstiddowever, usually show straight crack
pathways that are parallel to the notch directidi-30]. In porous CT specimen extracted
from foam panels made by traditional techniquesc¢wiisually have more non-homogenous
microstructure compared to additively manufactupedous structures), the crack pathway
was not straight and the main crack tip usuallyngiea direction through the weakest path
[31]. The numerical simulations carried out in tetesdy showed that the weakest struts are
located in45° direction with respect to the notch direction (K 7). Unlike the relatively
irregular unit-cells in the porous structures mageraditional foaming methods, the weakest
direction in each rhombic dodecahedron unit celtlenay additive manufacturing technique
is always if45°. That is why the crack continues to propagatéésamet5° direction until
the final fracture. Another interesting point wéasttthe45° crack pathways were always
formed in the upper half of all the specimens. Tda@s be attributed to the non-symmetrical
stress distribution in the porous structure undasion. Ideally, it is supposed that the stress
distribution is symmetrical with respect to the afodirection (and it is usually so in solid
materials). Since in the porous structures, thd Isaransferred from the top grip to the lower
grip through very thin struts of the lattice stuwet, the upper half of the structure “feels” and
therefore is damaged by external load prior tolokeer half of the specimen. In other words,
the struts located in the upper half of the stmectusually have higher deformation and
earlier permanent plastic damage. Remember th#@teutiie bulk materials, the additively
manufactured porous structures always show someeee@f plasticity even under small
amounts of load (due to the fact that there aragdwoints in the surface of the struts which
have very high stress concentration degrees). Shecéoad is imposed on the top grip, the
degree of progressive permanent plastic damagelehin the top half of the specimen.

This fact was also verified by numerical simulafomhich showed higher load levels in the
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upper half of the unit cell located in the notgh ¢dompared to the load level in its lower half
(compare 1640 MPa to -1340 MPa in Figure 7). Byaasing the relative density of a porous
structure, since the specimen becomes strongereftaet of micro-plasticity in the outer
surface of the struts becomes less (because filbeofagurface roughness to the strut radius
decreases). It is therefore expected that#ifepathway is less distinguished in it (in fact the
porous structure becomes more similar to a soliteri@d which shows a crack pathway
parallel to the notch direction). This hypothesiaswverified by comparing the crack
pathways in the lowest-density and the highestidemp®rous structures. While in the Ti
170-450 (1=22.9%) specimen, the crack direction wa&s$ from almost the notch tip, in the
Ti 230-500 (1=33.6%) specimen, it took the crack pathway to @ag=sv unit cells before it
became completely5° (see Figure 8).

As the bone new tissues are regenerated insid@dres of the additively manufactured
porous structure, they undertake some parts ofodmd applied to the porous structure. This
will decrease the load levels all over the porowscture and as a result in the crack tip.
According to our previous study [32], filling an ditively manufactured porous structure
with a resin with mechanical properties close tosthof bone tissuez{ GPa) can increase
the fatigue endurance limit by 5-8 times dependingthe relative density of the porous
structure. This increase in endurance limit dueetgeneration of bone tissues can be even
more extreme in cracks formed from mode-I (openlogyls. That is because bone cells are
prone to create micro links in areas with very hoginvatures [33] (such as in the crack tip
where the damage in the struts create severali@ualitmicro-cavities). A future study on
this subject would be very helpful on understandimg effect of bone regeneration on the
fatigue life of porous biomaterials under modedabr propagation conditions.

5. CONCLUSIONS

12



We studied the static and fatigue crack propagatienavior of additively manufactured
porous biomaterials with porosities between 66% 8délo using compact-tension (CT)
specimens. The specimens were made using seldasee melting technique and were
loaded in tension (in static study) and tensiorsitam (in fatigue study) loadings. In the cyclic
tests, the load level was set to 50% of the yieddlobtained from static loading. The results
showed that displacement accumulation diagram édafor different CT specimens under
cyclic loading had several similarities with thermsponding diagrams obtained for
cylindrical specimens under compression-compressimiic loadings. For instance, the
displacement accumulation diagram showed a twaoeshedpavior. For load levels equaling
50% of the yield load, both the CT specimens stlitiere and the cylindrical specimens we
tested under compression-compression cyclic loadisgwhere had similar fatigue lives of
around10* cycles. The test results showed that for the Siame level of0.5F,, the lower
density porous structures demonstrate longer likas the higher-density ones. This can be
attributed to the difference in the contribution \@rious stress types (axial or bending)
generated in the struts of structures with differstrut radii. While in the low-density
structures (with thin struts), the axial (compresyistresses have the highest contribution in
load bearing, in high-density porous structures,ldbnding stresses have the most influence.
The high bending stresses in high-density porougtsires gives rise to local Mode-I crack
opening in the rough external surface of the stwisch leads to quicker formation and
propagation of the cracks.

Unlike the crack pathways in CT samples made ofihfeams manufactured by traditional
techniques which continuously changes directiorthexCT samples manufactured by SLM
technique, the crack continues to propagate irsdinee45° direction until final fracture. This

is due to the fact that, as shown by numerical Etians, the weakest struts in the rhombic

dodecahedron unit cell are locatedtB? direction with respect to the notch direction.
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List of tables

Table 1- The porosity, pore sizes, and strut sizes of the four samplestested in this study [14].

Ti 120-500 Ti 170-500 Ti 170-450 Ti 230-500
Porosity, dry weighing ~ 83.7+0.3 77.1+0.5 70.1+0.3 66.4+0.3
(%)
Porosity, Archimedes (%) 83.6+0.3 76.8+0.5 69.7+0.3 65.8+0.3
Porosity, micro-CT (%) 84.22 77.68 71.20 68.45
Pore size, nominalim) 500 500 450 500
Pore size- micro-CTuym) 560+173 608+182 4861162 560+186
Strut size, nominalum) 120 170 170 230
Strut size, micro-CTym) 140+38 218162 216164 251476

Table 2- The material properties of Ti-6Al-4V used in numerical modelling [34]

Ti 120-500
Elastic modulus, GPa 113.8
Tangent modulus, GPa 1.25
Yield stress, MPa 1000
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Figure captions

Figure 1- Dimensions of the manufactured samples

Figure 2- Samples with different porosities and ggll sizes tested in this study

Figure 3- The (a) 3D and (b) front views of the iRRdel used for numerical simulation. The upper lamger
struts of the nodes marked by red circles in (b)rant tied together and can therefore be easilgragsd if
the sample is loaded in tension.

Figure 4- Comparison of load-displacement curveteustatic loading for different samples testethia study

Figure 5- Comparison of displacement vs. cycle mdiags for different sample types under cyclic logdin

Figure 6- Damage propagation in CT specimen Ti450-under fatigue loading under different displaeam
values (a) 0.5 mm, (b) 0.61 mm, (c) 0.68 mm, andt(@4 mm.

Figure 7- Stress distribution in the FE model ur@l&rmm displacement of the upper grip (Units arPa). The
stress distribution in each strut is representaiih@ccumulation of axial and bending stresses igeed
inside it.

Figure 8- Comparison of crack pathways in (a) T9-BB0 ¢ = 33.6%) and (b) Ti 170-5004 = 22.9%)
samples
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Figure 1- Dimensions of the manufactured samplesin mm
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(a) Ti 120-500 (b) Ti 170-500

(c) Ti 170-450 (d) Ti 230-500
Figure 2- Samples with different porosities and unit cell sizestested in this study
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Figure 3- The (a) 3D and (b) front views of the FE model used for numerical simulation. The
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upper and lower struts of the nodes marked by red circlesin (b) are not tied together and can

therefore be easily separated if the sampleisloaded in tension.
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Figure 4- Comparison of load-displacement curves under static loading for different samplestested
in this study
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Figure 5- Comparison of displacement vs. cycle diagramsfor different sample types under cyclic
loading
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(c) (d)
Figure 6- Damage propagation in CT specimen Ti 170-450 under fatigue loading under different
displacement values (a) 0.5 mm, (b) 0.61 mm, (c) 0.68 mm, and (d) 4.14 mm.
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Figure 7- Stress distribution in the FE model under 0.5 mm displacement of the upper grip (Units
arein Pa). The stress distribution in each strut is representative of accumulation of axial and
bending stresses generated inside it.
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@ (b)

Figure 8- Comparison of crack pathwaysin (a) Ti 230-500 (u = 33.6%) and (b) Ti 170-500
(u = 22.9%) samples
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