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Abstract

The main aim of the current study is to evaluate the compressive quasi-static and fatigue properties of
titanium alloy (Ti6A14V) cellular materials, with different topologies, manufactured via Laser Powder Bed
Fusion (LPBF) process. The topologies herein considered are lattice based regular and irregular configurations
of cubic, star and cross shaped unit cell along with trabecular based topology. The results have indicated
that the effective stiffness of all configurations are in the range of 0.3 — 20 GPa, which is desirable for
implant applications. The morphological irregularities in the structures induce bending dominated behavior
affecting more the topologies with vertical struts. The S — N curves normalized with respect to the yield
stress indicate that the behavior of star regular structures is between purely stretching dominated cubic and



purely bending dominated cross based structures. Trabecular structures have shown desirable quasi-static
and fatigue properties despite the random distribution of struts.
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Nomenclature

AM: Addditive manufacturing

CE: Chemical Etching

C1,C2,m: S-N curve fitting parameters
HIP: Hot — isostatic pressing

LPBF: Laser powder bed fusion

n: Number of data points in fatigue

p: Number of curve fitting parameters
S2: Scatter of fatigue data

Epn: Monotonic Young’s modulus

E¢: Cyclic Young’s modulus

es: Density of cellular specimen

eo: Theoretical density of Titanium
oy: 0.2% offset yield strength

Ome: Maximum compressive strength
Omax: Maximum stress (fatigue)
Omax.i: i'! maximum stress (fatigue)

O’ max.i: estimated i*" maximum stress (fatigue)

Introduction

The current trends in aerospace, automotive and bio-medical industries involve the development of optimized
light-weight structures providing high strength as close as possible to that of conventional bulky structures’.
Also, foam based cellular materials have been extensively used in energy absorption applications. However,
one of the limitations to use these structures is the poor availability of control on the parameters such as
pore size and wall thickness which determine their properties. The development of lattice based cellular
materials with repetitive unit cells has been helping to tailor the mechanical properties based on the loading
requirements. Cellular materials are termed as true cellular materials when their relative density is less than

0.3%.

Cellular materials become a rising star in the biomedical industry and are a prospective replacement for
fully solid implants. The use of solid implants which have higher stiffness compared to the surrounding
bone results in stress shielding phenomenon, which might cause bone resorption. This eventually results
in implants loosening which requires implant replacement®#. The use of porous cellular materials helps to
adapt the implants stiffness to that of the surrounding bone. Also, the presence of pores in the structure
improve bone regeneration which provides better fixation®®. Metal alloys being the first choice for implants,
Titanium alloys such as Ti6A14V have been widely used in implants manufacturing due to their high strength,
corrosion resistance and bio-compatibility” .



Additive manufacturing (AM) technologies such as Laser powder bed fusion (LPBF) facilitates the production
of intricate complex structures in a short period of time. The same technique is employed in the current
study. LPBF is widely used in the production of cellular materials to obtain higher precision compared to
other AM techniques®!°. The LPBF fabricated parts have certain issues such as quite low surface finish,
internal porosity, geometrical deviation, residual stress and brittle material phases, which negatively affectthe
mechanical properties of the structures. Various studies have concluded that the above-mentioned issues
are highly influenced by process parameters such as laser power, hatching distance, scanning speeds and
building direction'' 6. Furthermore, heat treatment processes such as stress relief and hot-isostatic pressing
significantly improves the mechanical performance by transforming the microstructure to a more stable
ductile o+ phase with the additional advantage of eliminating residual stresses and internal porosity!” 2.

The mechanical properties of cellular materials are mainly characterized by material type, cell topology,
and relative density. Their characterization is generally carried out through static and fatigue compression
tests. Cheng et al.?2 compared compressive properties of foam based and lattice based cellular structures
with different relative densities, indicating that the lattice based structures had higher specific strength.
Additionally, various studies focusing on the influence of different types of unit cell and relative density on
the compressive behavior of cellular materials were carried out?>39. It was reported that the strength and
stiffness of the structures enhances with increasing the relative density in well agreement with Gibson-Ashby
law?. This increase depended on the morphology of the unit cell as well. Depending on the local loading
conditions in the struts, the unit cell topologies can be grouped into two different categories of bending
dominated and stretching dominated structures. Stretching dominated structures are characterized by high
strength and stiffness since the struts are subjected to axial loading conditions. On the other hand, bending
dominated structures do not possess any struts along the loading direction and hence fail due to bending
loads in the struts. Bending dominated structures are more compliant compared to stretching dominated
structures which failed mainly due to buckling. The compressive behavior of bending dominated structures
consist of three regions, elastic region, flat plateau region where strain increases with constant stress followed
by densification. However, in stretching dominated structures, the plateau region consists of oscillating stress
followed complete densification of the structure despite cell morphology?934.

Cellular materials used in biomedical applications as well as aerospace applications are exposed to cyclic
loads. Therefore, understanding the fatigue behavior of these materials has gained strategic importance
in the recent years. Various studies have indicated that the compression-compression fatigue properties
are dependent on various parameters such as cell topology, stress ratio (R-ratio), heat treatment and the
presence manufacturing defects from AM process?0:2935742 Zhao et al.3%and Yavari et al.3! have investigated
the effect of cell topology and porosity on the compression-compression fatigue behavior. The studies have
clearly shown that if the deformation in the structure is bending dominated, plastic strain is progressively
accumulated, leading to the final fatigue failure. While the fatigue crack growth is decelerated in structures
that fail due to buckling. The S-N curves normalized with respect to the yield stress indicate that a single
power law is followed by a particular cell topology despite the difference in porosity. The effect of fatigue
the stress R-ratio has been studied using diamond unit cells. Specifically, it was found that the higher
the stress R-ratio the lower the fatigue strength at a given number of cycles to failure*3. The effect of
post manufacturing thermal and chemical treatments on fatigue properties were also studied. Yuan et al.**
used two heat treatment temperatures (750°C and 950°C) and showed that samples treated at 950°C had
a broader plateau under static loading indicating better performances under plastic strains. The fatigue
endurance ratio was increased by 0.5 — 0.6 times with heat treatment at 950°C. Hot-Isostatic pressing
(HIP) and Chemical Etching (CE) treatments have improved the fatigue strength of cellular materials by
increasing the ductility, eliminating some internal defects and improving the surface finish?°. The fatigue
failure of cellular materials can be divided into strain accumulation, crack initiation and crack propagation.
The strain accumulation in the structures is mainly due to cyclic ratcheting as indicated in various studies®®.
The crack propagation takes place in two steps, a first propagation in the struts followed by propagation
through the unit cells*®. Applied stress level and surface defects such as roughness, defects and waviness
have a greater influence on the fatigue properties compared to internal porosity in the crack initiation stage.



On the other hand, parameters such as material, microstructure and internal porosity influence the crack
propagation phase38:46,

The porous material used for bone implants should have mechanical properties in range of the human
bone for better fixation. Therefore, mechanical properties of the implants are of primary importance at
the initial stage of implant fixation; once the bone regeneration is complete, higher fatigue life from the
implant may not be necessary®®. Hence, it is necessary to study a variety of structures with varying cell
topologies, irregularities, and pore shape to understand the material properties. Benedetti et al.*” analyzed
the compressive behavior of various types of cellular materials in presence of different porosity levels. That
study has shown that the properties of the different analyzed structures range between the two extremities
of a cubic structure and a cross shaped cellular structure. Also, despite the absence of vertical struts,
cross shaped samples had the highest strength for the given stiffness. Therefore, the below mentioned seven
different topologies are considered in the present study to explore their suitability to be used as an osteo-
integrative coating for solid implants. Since this porous coating is commonly placed in the contact region
between bone and solid implant, the resulting load is entirely compressive. Therefore, the knowledge of
monotonic properties and fatigue strength under compressive loads is fundamental for their proper design.
For this purpose, cellular lattice specimens were manufactured via LPBF using the titanium alloy Ti6A14V.
Their cell architecture includes three regular structures ((#1) Cubic, (#2) Star and (#3) Cross, three
irregular structures obtained by skewing the junction of regular structures ((#4) Cubic irregular, (#5) Star
irregular and (#6) cross irregular); a(#7) trabecular consisting of random arrangement of struts mimicking
trabecular bone topology structure. The samples were analyzed for assessing porosity and struts dimensions.
Compression tests have been carried out using monotonic and cyclic loading conditions to obtain the strength
and stiffness properties (under loading and unloading) of the considered structures The specimens have been
subjected to compression-compression fatigue loading with an R-ratio of 0.1 and loading between 0.1-0.8
yield load. One specimen from each topology has been employed to visually detect the deformation pattern
in the different investigated structures. Fracture surface analysis has been carried out to show the failure
mechanisms under quasi-static loading and cyclic loading. The effect of geometrical irregularity on the fatigue
performance has been explicitly shown in the normalized S-N curves. The results of the regular and irregular
topologies have been carefully compared with the trabecular based topology for a better understanding of
their behavior with the future optic of possible systematic employment in biomedical applications.

Materials and Methods

This section gives the detailed description of the manufacturing process, specimen design and experimental
method employed in the present study.

The cellular materials were fabricated via LPBF technology using an EOS machine equipped with a 400 W
laser, at the Lincotek Medical facility, Italy. The samples were manufactured by using a biomedical grade
titanium alloy (Ti6Al4V) powder with particle size in the range of 15-45 ym and with a layer thickness of
60 pm. All the specimens were then subjected to heat treatment under proprietary conditions to transform
the as-built o’-martensitic microstructure into a stable a+f phase and to relive the residual stress from the
LPBF process.



Manufacturing and Specimen Design
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Fig.1 Schematic representation of the topology of studied cellular structures, XY view; (a) Cubic regular,
(b) Cubic irregular, (c) Star regular, (d) Star irregular, (e) Cross regular, (f) Cross irregular, (g) Trabecular.

In the present study, 7 different topologies with a target strut thickness of 500 ym and a target pore size of
1100 yum were selected. The XY view of the topologies considered are as shown in Fig. 1, and the samples
were printed along the Y direction. The regular structures were named as cubic, star and cross. The irregular
structures were named as cubic irregular, star irregular and cross irregular. Irregular structures were been
obtained by using an algorithm to misalign the nodes of the regular structures in random directions and
distances to induce irregularity. Trabecular is a modified version of the Voronoi tessellation with a narrow
pore distribution. This structure is able to mimic the trabecular human bone and consists of 4 to 6 struts
joined at a node and oriented in random directions. The number of struts at a node and their orientation
depend on the cell topology.

Cylindrical test specimens of 15mm diameter (d) and 17mm height (h) (h/d>1) were used both for quasi-
static and fatigue tests. The top and bottom surfaces of the specimens were polished to make sure the
contact surface is flat for fatigue testing.

Experimental Procedure

Microstructure

The microstructure of the specimen was observed along the XZ plane (parallel to printing plane) and XY
plane (perpendicular to the printing direction). One cubic regular specimen was cut along two planes and
subjected to polishing process with SiC abrasive papers of different girt size from 220 to 2400, 3-micron
diamond solution, and finally polished with alumina suspension to give it a mirror finish. The samples were
then etched using a Kroll’s reagent to reveal the microstructure.

Porosity and Geometrical Deviation

The porosity was calculated on the compression test samples (5 specimens) using equation 1, where ps is the
density of the specimen and p, is the theoretical density of Ti6A14V alloy (4.42 g/cm?3)*®. Specimen density
was calculated using the mass of the specimen obtained from gravimetric precision balance (XS Balance (BL
224), Ttaly) and the nominal volume calculated using the height and diameter of the specimen.

Porosity = %& ...... (1)

The geometrical deviation of structures was carried out to obtain the thickness of different struts. The struts
in all seven topologies can be categorized into horizontal struts, vertical struts, oblique (inclined struts)



(struts in regular structures), random and irregular struts (struts in irregular structures). The images of
the different topologies were captured using a stereo optical microscope (Nikon SMZ25) as shown in Fig.2.
The strut thickness was measured from end to end including the roughness on the surface using ImageJ®)
software. To obtain a statistically significant data, 100 measurements were captured for all the different
catogeries of struts mentioned above.

Fig.2 Spectro microscopy images for strut thickness measurement (a) Cubic Irregular (b) Star Regular with
thickness measurement in pym.

Quasi-static and fatigue testing

The mechanical tests were carried out under two loading conditions, monotonic quasi-static and cyclic. They
were carried out according to the standard ISO 13314:2011 for metallic foams*®. Both tests were carried
out at room temperature using an INSTRON universal testing machine with a load capacity of 100kN. The
displacement was measured using an Instron LVDT. A constant crosshead speed of lmm/min and a data
sampling frequency of 1kHz was employed. For each configuration, one specimen was tested under monotonic
compression condition and four specimens under cyclic condition.

The stress-strain curve obtained from the monotonic testing condition is then used to acquire the mono-
tonic Young’s modulus (Ep, ), 0.2% offset yield strength (oy) and the maximum compressive strength (opmc).
Cyclic tests were performed to obtain the cyclic Young’s modulus (E.) after stabilization of the stress-strain
response. The specimens were loaded between 20-70% of the yield load obtained from the monotonic testing
condition using a triangular shape wave for five cycles.

High cycle compression-compression fatigue testing was carried out for a minimum of 12 specimens for each
topology. RUMUL resonating fatigue test machine was used with an R-ratio of 0.1 in compression. The
applied maximum load was chosen in the range 0.1-0.8 yield load to obtain the S-N curves36:59. It was verified
that the contact surfaces of the specimens were flat with no irregularities. A frequency drop of 1 Hz during
the test was considered as an indicator of fatigue failure in the specimens, and the number of cycles at that
specific moment was recorded as fatigue life. The S-N curve was subsequently obtained by fitting the data
points using a curve fitting expressed by equation 2, where oy,ax is the maximum stress, Ny is the number of



cycles to failure, and C;, Cy, m are the curve fitting parameters. The run-out condition for the specimens
was set as 107 cycles and the fatigue strength of the specimens was calculated at 10% cycles using the S-N
curves. The scatter of the fatigue data (S?) is calculated by equation 3, where Gpyaxi is the i*Pmaximum
stress, 6'max.i i the i*Pestimated maximum stress, n is the number of data points and p is the number of
parameters in equation 2 and the standard deviation of the fatigue strength was calculated as indicated
in the reference'®. Investigation of the fractured surface was carried out by using a JOEL JSM-IT300LV
scanning electron microscope.

0 max = C’l—f—(jvcﬁ ............ (2)
59 = Xiz “”"“”j:;" maz=O2 . (3)

To obtain the deformation mechanism and the crack propagation planes characterizing any cellular structure
considered herein, some dedicated fatigue tests were carried out at a frequency of 5Hz using an MTS 809
Axial/Torsional test system with a load capacity of 100 kN. To evaluate the failure sequence during the
fatigue loading, a high speed camera with a capturing frequency of 30 Hz was used to record the whole
duration of the fatigue tests. The frames from the captured video have been indicated in the results and
discussion section.

Results and Discussion

Microstructure

Ti6Al4V parts manufactured using LPBF process are characterized by an o’ martensitic phase due to the
rapid cooling, which makes the material brittle®’. This brittle nature of martensitic phase can be detrimental
to fatigue properties of the part due to its higher susceptibility to voids and surface defects. However, the
specimens considered in this study were subjected to heat treatment after the manufacturing process. This
heat treatment transforms the brittle o’ to a more ductile a+p3 phase. The microstructure of the LPBF
specimens was obtained in two different planes as shown in Fig.3. A uniform basket-weave microstructure
was obtained with a+{ lamellae phase, indicating a significant change in the microstructure from the heat
treatment process in Fig.3(a).



Fig.3 Microstructure of strut cross section (a) XY plane (b) XZ plane

Porosity and Geometrical deviation

Table 1 Measured porosity for all topologies

Sample  Cubic Regular Cubic Irregular Star Regular Star Irregular Cross Regular  Cross Irregular  Trabecular

Porosity 76 + 0.15 71 £0.21 77 £ 0.32 77 £ 0.18 79 £ 0.18 80 £ 0.19 71 £ 0.32

The measured porosity values was calculated as described in section 2.2.1. Star and cross based specimens had
the highest porosity values, while the trabecular structures had the lowest porosity.The variation in porosity
is related to the thickness variation in the struts oriented in different directions. This clearly indicates the
effect of strut orientation on the overall porosity of the investigated structures. The thickness variation in
struts with different orientations are explained below.

The strut thickness was measured as described in the section 2.2.2. The average strut thickness is as shown in
Fig.4a. The horizontal struts have the lowest thickness (7370 pm) while random structures have the highest
measured thickness (7600 um). The probability distribution curve shown in Fig.4b displayed a normal
distribution. During the printing process, the laser penetrates into a layer below to induce perfect fusion of
metal. But in the case of horizontal struts, due to absence of support, the laser also melts the powder from
a layer below the first layer. This induces irregularity and sagging in the struts. Due to this, the thickness
of horizontal struts varied from 280 ym to 450 ym. However, when comparing vertical and oblique struts,
the average thickness is close to each other, however the distribution indicates that the vertical struts were
uniform when compared to oblique struts. The presence of complete support in vertical struts layer during
the melting process made the strut uniform. Irregular struts had a similar distribution compared to oblique
struts but with a shift in the average thickness by 20 yum. Random struts in trabecular specimens are thicker
due to overlapping of struts, especially at the junctions which reduce the porosity of the samples.
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Fig. 4 (a) Measured strut thickness (b) Normal distribution of measured strut thickness for different strut
orientation

Relating the strut thickness to porosity, the random struts had the highest thickness and hence trabecular
structures had the lowest porosity. Cross based structures with oblique struts had the highest porosity,
followed by star based structures which had one extra vertical strut when compared to cross based structures.
But, the thickness difference in the horizontal and irregular struts can be clearly seen when comparing the
porosity of cubic regular and cubic irregular structures. The lower thickness of horizontal struts increases
the porosity of cubic regular structures by 5% when compared to cubic irregular.

Quasi-static compression test

The typical stress-strain curve for cellular structures consists of three regions, linear elastic deformation
followed by plastic deformation forming a plateau region and finally densification of strain takes place when
the failed struts come in contact with each other. The plastic deformation and the shape of the plateau
region are highly dependent on the topology and density of the material®®. In this study, the testing was
stopped before all the struts failed and before the densification stage. This was done in order to better
identify a posteriori; the location of the weak areas that first yielded or failed. The stress-strain curves of all
the specimens are shown in Fig.5. The stress-strain curves were quite different for different topologies under
monotonic testing as shown in Fig. 5a. The curve of the regular cubic structure indicates that the stress
drops down to 20 MPa at very small strain, showing a catastrophic failure of struts. The failure is mainly
due to buckling of vertical struts under axial loading and due to the absence of struts in other directions
which introduce bending moment?°.
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Fig.5 Compressive stress-strain curves of all specimens (a) Monotonic loading condition (b) Cyclic loading
condition

This is further confirmed by the fracture plane images as shown in Fig. 6a. The cubic irregular structure
haa a well-defined and longer plateau compared to the cubic regular structure. This is due to the presence
of inclined struts from the displaced nodes. This irregularity decreases the maximum stress that can be
sustained by the structure but avoids the sudden failure of regular cubic structures. The fracture plane
shown in Fig. 6b indicates a failure plane similar to a shearing band. The star-based topology structure has
a plateau region similar to that of cubic irregular structures. The presence of struts in the oblique directions
along with the vertical struts decreases the maximum stress that can be sustained when compared to the
cubic regular structures which had struts in the vertical direction. However, the oblique struts assist in
bearing the load once the vertical strut fails. While considering the star regular and star irregular stress-
strain curves, the presence of irregularity has a clear effect on the stress sustained by the structures while
the length of the plateau region is unaffected. It is seen from Fig.6¢ and 6d that the vertical struts fail, but
the failure happens along a 45° shear plane.

1000pm
| | |

-4 ; : a

Fig.6 Fracture plane and fracture surface of specimens (XY view) subjected to compression loading along
Y-direction (a) Buckling of vertical struts in cubic regular; Shear band like failure in (b) cubic irregular (c)
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star regular (d) star irregular (e) cross regular (f) cross irregular; (g) failure at various locations in trabecular
structures (h) SEM image indicated the formation of shear dimples at the fracture surface

The stress-strain curves for cross regular and cross irregular are completely different from the other topologies
and overlap on each other. It consists of a linear region followed by a flat and long plateau which is due to
the absence of struts in the vertical directions. They have the lowest stress values compared to all the other
structures. The failure of the specimen took place at the junctions and experienced a shear band formation
as shown in Fig. 6e and 6f52 4. The stress-strain curve of the trabecular structures share some properties of
all kinds of topologies. It consists of a long plateau similar to the cross structures while the maximum stress
value is between cubic irregular and star regular structures. The stress-strain curves clearly indicate that
cubic regular samples exhibit an ideal stretching dominated behavior and cross regular and cross irregular
samples exhibit an ideal bending dominated behavior.

The cyclic stress- strain curves shown in Fig.5b clearly indicate that the slope of the curve increases after
the first loading cycle. This increase in stiffness after the first cycle can be due to the compaction of internal
defects and plasticization at junctions which rise the overall stiffness. The specimens achieve stabilization
already from the first loading cycle irrespective of the cell topology.

Table 2 Young’s Modulus and strength values

Sample Young’s Modulus (GPa) Young’s Modulus (GPa) Strength (MPa) Stren
Monotonic E,;, Cyclic E. 0.2% offset yield strength cq Maxi
Cubic regular 13.43 11.29 111 125.56
Cubic irregular 3.74 6.97 71 95.49
Star regular 4.47 6.26 48 78.66
Star irregular 2.33 4.50 36 61.92
Cross regular 0.64 0.91 17.1 24.71
Cross irregular 0.65 0.97 17.8 26.27
Trabecular 2.82 6.39 55 85.47

The Young’s modulus values and strength values are listed in Table. 2. The monotonic Young’s modulus
and strength values are calculated from the linear region of the curves shown in Fig.5a. The cyclic Youngs’
modulus is calculated from the slope of the unloading part of the curve shown Fig. 5b. The cyclic modulus
values are higher than the monotonic values indicating that the samples reach stabilization after the first
loading cycle. Comparing the values with respect to the topology, the effect of the presence of vertical
struts is clearly evident: cubic regular samples had the highest Young’s modulus followed by cubic irregular,
trabecular and star-based structures. Cross-based structures with only oblique struts had the lowest stiffness.
Similar conclusions can be made on the yield strength and maximum compressive strength values.

Further considerations can be made by observing how the irregularity affects the outcomes. The irregularity
decreases the stiffness and strength by introducing bending dominated behavior in the structure. This effect
is highly pronounced in structures having vertical struts. In cube-based structures, a decreases of 38% in
cyclic modulus, 36% in yield stress and 24% in maximum stress was observed. In star-based structures, a
decreases of 28% in cyclic modulus, 25% in yield stress and 21% in maximum stress was observed. In cross
based structures, the irregularity had least effect with only 4-6% decrease in cyclic modulus and stress values.
The modulus and the stress values of trabecular structures were similar to those of cubic irregular and star
regular samples. The random orientation of the struts seems to help in terms of an isotropic distribution of
load among struts.
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Fatigue test

The S-N curves obtained from the fatigue tests for all the specimens are compared in Fig.7. The curve fitting
parameters and the scatter in the fatigue data are as indicated in Table 3. The S-N curves clearly indicate
the effect of cell topology on the fatigue behavior. As shown in Fig. 7a, cubic regular specimens represented
exceptional fatigue properties and maintained their structural integrity up to 107 cycles under any applied
load below 0.80y. During the experimental tests, buckling mechanism dominated the failure of cubic regular
structures under compression. In this case, the absence of any sort of bending mechanism retards the fatigue
crack growth®®. As a consequence, an expected curve is obtained by increasing the load slightly above 0.8cy.
Similar behavior that none of the specimens failed for all ranges of porosity>!, was also reported by Yavari et
al. for cubic cellular structures . By contrast, the S-N curve of cubic irregular specimens in Fig.7a indicates
significantly lower fatigue strength. The effect of displacement of the nodes to induce irregularity was clearly
seen and it was much more significant than the effect seen in the quasi-static compression test, where a
decrease of only 24-36% of strength values was observed. The fatigue crack starts to grow at a relatively
early stage because the randomly displaced nodes and the inclined struts introduce bending moments in
the structure. Similar to the cubic specimens, star shaped and cross shaped specimens show lower fatigue
strengths due to the irregularity, as shown in Fig. 7b and 7c. Despite the presence of vertical struts in
star regular specimen, an early fatigue failure was observed when compared to the cubic specimens due to
the oblique struts which induce bending moment in the specimen. Generally, a clear reduction of fatigue
strength can be seen for all irregular topologies. Even though the irregularity caused a decrease of only
21-25% in the static strength values as previously evidenced in the compression test, the decrease of the S-N
data points is much higher, increasing up to 80% in the the high-cycle part of the plot. However, a smaller
difference between the regular and irregular topologies was observed for cross structures. Interstingly, also in
static compression test the differences between regular and irregular cross-based structures were quite low.
The fatigue behavior of trabecular structure Fig.7d was inferior to the regular cubic and star structures, but
it was superior to the irregular cubic and star structures. The advantages of the quasi-isotropic structure
induced by the randomization are more evident in this fatigue test configuration rather than in the static
compression test . The S-N curves of cross based specimens show that the specimens were not able to sustain
more than 10 cycles even at the lower range of the applied load. Therefore, the fatigue strength of all the
structures were calculated at 10° cycles and is reported in Table. 4
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Fig.7 S-N curves for (a) Cubic based structures (b) Star based structure (c) Cross based structures (d)
Trabecular

Table 3 Curve fitting parameters of fatigue test and scatter

Sample C, (MPa) C, m S2
Cubic regular -11.34 140 0.02 136.61
Cubic irregular 1.49 658.52 0.31 7.71
Star regular 16.12 221.73 0.22 1.07
Star irregular -1.37 286.69 0.24 9.54
Cross regular 2.95 380.64 0.47 0.07
Cross irregular 2.19 166.83 0.39 0.14
Trabecular 8.17 979.06 0.39 2.35

Table 4 Porosity of the samples and atigue strengths calculated at 10° cycles and porosity

Sample Cubic Regular  Cubic Irregular  Star Regular ~ Star Irregular  Cross Regular  Cross Irregul
Porosity 76 £ 0.15 71 £ 0.21 77 £ 0.32 77 £ 0.18 79 £+ 0.18 80 £+ 0.19
Fatigue Strength (MPa) 100+11.7 104+2.8 27+1.0 7.5+3.1 3.5+0.3 3.1+04

Zhao et.al. 36 reported a fatigue strength of 75 MPa for cubic regular specimens with a porosity of ~63%
and strut thickness of “600 ym. In this study, the fatigue strength of cubic regular structure reported is 100
MPa with a porosity of “76% and as-designed strut thickness of “450 um. Considering that the difference in
other parameters such as microstructure and heat treatment, the estimated fatigue strength of cubic regular
is similar but slightly higher when compared to Zhao et.al®®. The fatigue strength of 3.1 MPa obtained from
cross shaped structures is very close to the fatigue strength of 2.5MPa reported by Peng et. al. ®® from the
fatigue life prediction of BCC (85% porosity) using finite element analysis. Irregularity had a predominant
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impact which reduced the fatigue strength by almost ten times. Star regular specimens had the highest
fatigue strength after cubic specimens. The presence of one vertical strut in star regular specimens increased
the fatigue strength by almost seven times compared to cross regular. However, the same extent of increase
was not seen when comparing star irregular and cross irregular since the vertical struts of the star topology
are inclined with respect to the load. The fatigue strength of trabecular structures is much higher than
the cross shaped samples even though they have lesser number of struts per node (4-6 trabecular and 8
cross regular). The number of struts per node for irregular cubic and star structures is also higher than in
trabecular structure and yet their fatigue strength is slightly lower. The lower overall porosity of trabecular
specimens has for sure an influence, but the main cause for the better behavior is the presence of struts in
all the direction and the isotropy of the topology. This is further explained using the frequency variation
curve in Fig.8.

The general frequency versus number of cycles curve for regular cross structure showed a linear decrease
in the frequency as shown in Fig. 8a. Similar results were obtained for all regular structures and most of
the irregular configuration. But some of the specimens, especially in trabecular structures, had a distinctive
behavior as shown in Fig. 8b. In this case, the decrease in the frequency was not steady, as the graph
indicates multiple peaks and valleys were observed which delayed the failure. The random distribution of
the struts eliminates field failure, the failure occurs at the weakest link , but the random struts help in stress
redistribution and the failure remains local. This can be seen through the fracture plane analysis in the next
section which indicated multiple failure planes in trabecular specimens.

Variation of Frequency

1004 Max. Stress = 5.42 MPa
No. of cycles to failure = 3243628

Frequency (Hz)

98.0 - T T T T T T T
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Normalised S-N Curve with Yield Stress
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Fig.4 (a) Normalized S-N curve with yield stress (b) Normalized S-N curve with Young’s modulus for all
samples

Previous studies have shown that the normalized S-N curve for structures with the same topology and varying
porosity fall into a single line. The effect of material is also a major factor while considering the normalized
S-N curves as indicated by Ahmadi et al.?”. In the current study, the normalized S-N curves were obtained by
using the yield strength as shown in Fig. 9a and by using cyclic Young’s modulus as shown in Fig. 9b. The
normalized curves of Fig.9a indicated that the three irregular configuration structures were grouped together
with the trabecular structure and the purely bending dominated cross regular structure. The star regular
curve was above the earlier mentioned bending dominated structures, and the cubic regular structures, purely
stretching dominated, have the highest fatigue strength. Similar behavior in the normalized S-N curve was
observed when comparing BCC, SC-BCC and FCC structures with simple cubic (SC) structure by Peng et
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al.’®. The normalized S-N curve shown in Fig. 9b indicates that the fatigue curve of star regular and cross
regular overlap with each other. While, the irregular and trabecular specimens except cross irregular have a
certain overlap at the lower end of the graph. This clearly indicated the effect of irregularity in the structure
leading to a decrease in the fatigue strength.

Fracture plane and Fracture surface

The fatigue fracture planes for all the topologies are shown in Fig. 10. The images have been captured from
the video recorded during the compression-compression fatigue test carried out with increasing load. The
fracture planes indicate the effect of topology on the failure mechanism. Cubic irregular structures were
found to fail mostly due to the buckling of vertical struts in the first two layers. The failure mechanism in
other topologies indicates shear bands. In star regular and cross irregular structures, the specimens failed
in one plane. In cross regular structure, the failure initiated with a shear band at exactly +45°, followed by
complete compression of all the struts forming a barrel shape. In case of star irregular structure, multiple
shear bands were observed at both +30° and -30° planes. In trabecular structures, the fracture was initiated
at multiple locations leading to failure bands along more than two planes. This kind of failure supports the
idea that a random distribution of struts is able to decelerate the crack propagation as observed on the
frequency plot. The images also seem to indicate that the failure initiated at the junctions. This matter was
further analyzed by means of SEM observations.
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Fig.10 Before and after failure images of structures subjected to step-wise increasing load (a) and (b) cubic
irregular, (c) and (d) star regular, (e) and (f) star irregular, (g) and (h) cross regular, (i) and (j) cross
irregular, (k) and (1) trabecular. [Redlines indicate the location of compression plates, failure planes are
highlighted using dashed lines]
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Internal Porosity,

* I 50 m

Fig.11 SEM images of fracture surface of fatigue failure locations (a) Failure at the junctions indicated with
the arrows (b) Crack at locations with surface irregularity (c) Initiation of cracks at surface irregularities
such as dimples and voids (d) Crack initiation at dimples and presence of internal porosity in the strut

The fatigue cracks and the fracture surface images are as shown in Fig. 11. The fatigue cracks in cellular
structures usually tend to initiate at the surface of struts and at locations with high stress concentration.
As shown in Fig. 1la the fatigue cracks tend to initiate at the junctions®®, the crack path also indicates
that the crack has prorogated along the process induced deep textures on the surface of the struts. Hrabe et
al.’” indicated that the presence of striation and textures from the AM process leads to stress concentration
at critical locations leading to reduced fatigue strength. The presence of other surface irregularities such as
satellite powder particle, shallow dimples and voids act as a preferential crack initiation site as indicated
in Fig.11b, 11c and 11d. In the study conducted by Zhao et al.36¢ surface dimple and unmelted powder
was introduced as the source of crack initiation. Razavi et al.°® studied the dependency of these surface
irregularities to the build angle and reported significantly higher surface roughness and deeper surface defects
for the surfaces printed with +45" angle with respect to the build direction. The overhanging area of the
structure was reported to have higher number of partially melted powder particles therefore can be the
favorable location for fatigue crack initiation. Various studies on fatigue of AM manufactured structures
indicated that the presence of internal porosity and unmelted powder inside the structure influence the
fatigue strength'®. Fig. 11d illustrates the presence of internal porosity in one of the struts which helps in
crack propagation. However, studies have also shown that the surface defects had a higher impact on the
fatigue crack initiation than the internal porosity commonly present in cellular structures®. Furthermore, the
fatigue properties can be improved by chemical etching process to provide smooth surfaces, HIP treatment
for reducing internal pores® and by having smooth junctions to avoid stress concentration®®.

Conclusion

The study focuses on the effect of various topologies on the compressive quasi-static and fatigue properties
of Ti6AI4V cellular materials. Different structure topologies including trabecular based cellular material and
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six different lattice based cellular materials were experimentally studied. The following conclusion can be
drawn from the conducted study:

e Despite similar imposed target strut thickness and pore sizes, the fabricated specimens showed light
differences in the actual porosity. Two structures possessed a porosity around 71-72%, the other five
showed porosity of 76-80%. It is known that porosity influences the performances of cellular materials,
however the large differences seen later in the mechanical properties can be mainly attributed to the
differences in topology, rather than the small differences in porosity.

e The difference between the monotonic and cyclic Young’s modulus indicates that specimens undergo
stabilization and local plasticization during the initial loading of the structures.

e The Young’s modulus of the cellular materials has been found to be in the range of 0.3-20 GPa, which
is desirable for biomedical applications.

e Cubic structures represented the highest stiffness and strength values due to the presence of vertical
struts. They have also shown excellent fatigue properties experiencing infinite fatigue lives (>107) for
loads below 0.80, due to the absence of bending in the struts. However, the failure appeared suddenly
on a whole cross-section of the sample, much earlier with respect to the other structures

e The presence of irregularity (misalignment of nodes) has a significant effect on the quasi-static and
fatigue properties of topologies with vertical struts. While the effect is quite minimal on cross shaped
structures. Trabecular structures which has a fewer number of struts per node has displayed good
quasi-static and fatigue properties due to the presence of struts in random directions. The random
orientation of struts appears to induce a deceleration of crack propagation, avoiding the collapse of
many cells at once.

e The normalized S-N curves clearly show the different behavior of the various studied structures. All
the structures with irregular configuration, and trabecular were been characterized by pure a bending
dominated behavior similar to cross shaped structures. The fatigue behavior of star regular structures
were exactly between the stiffer, stretching dominated cubic regular structure and the other bending
dominated structures due to the presence of vertical struts as well as oblique struts.

e The fatigue failure mechanism was found to be highly dependent on the cell topology. The fatigue
cracks have been found to initiate at the surface irregularities such as voids, textures and dimples from
the LPBF process.
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