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Abstract

Fully dense titanium alloy implants have long been used for the replacement and stabilization of damaged bone tissue.
Nevertheless, they can cause stress shielding which brings to a loss of bone mass. Additive manufacturing (AM) allows obtaining
highly porous cellular structures with a wide range of cell morphologies to tune the mechanical properties to match that of the
patient’s bone. In this work, the fully reversed fatigue strength of cellular specimens produced by Selective Laser Melting (SLM)
of Ti-6Al1-4V alloy was measured. Their structures are determined by cubic cells packed in six different ways and their elastic
modulus is roughly 3GPa to match that of trabecular bone. Part of the specimens was left as sintered and part treated by Hot
Isostatic Pressing (HIP). The fatigue resistance of such AM parts can be affected by surface morphology, geometrical accuracy as
well as internal defects. Micro X-ray computed tomography (CT) was used in this work to compare the geometry of the produced
specimens with the CAD model and to carry out residual stress measurements using the Plasma FIB-SEM-DIC micro-hole
drilling method.
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1. Introduction

Nowadays, metals are the best choice for load bearing biomedical implants (Ryan, 2006) and Ti alloys are in
general preferred to other metals such as stainless steel and Co-alloys because of their high resistance and stiffness to
weight ratio and good corrosion resistance (Long, 1998; Murr, 2010). In addition, they are biocompatible (Rack,
2006). Ti6AI4V is the most popular Ti alloy because of a good combination of strength and ductility (Rack, 2006).
Traditional fully dense implants can cause stress-shielding which brings to a loss of bone mass. The most used
approach to avoid this negative phenomenon is to reduce the stiffness of the implant (Tan, 2017). With the advent of
additive manufacturing (AM) it became possible to obtain materials with a highly porous cellular structure
characterized by a wide range of cell morphologies that allow to finely tune the mechanical properties to match that
of the patient’s bone (Zhao, 2016a). Among the various AM techniques, Selective Laser Melting (SLM) allows
greater precision (Tan, 2017) and is employed to produce the specimens object of this study.

AM metallic artefacts present numerous defects in terms of pores and surface roughness (Khademzadeh, 2016).
Pores in SLM products are generally irregular (Zhao, 2016b). Irregular pores are mainly due to incomplete melting
of the precursor particles, while spherical pores are due to trapped gases (Zhao, 2016b). The latter are more difficult
to close via HIP (Qiu, 2013). Some pores are also carried over from the precursor powder (Qiu, 2013). In addition,
geometric irregularities are typically also present as non-uniform cell wall thickness along its length and strut
waviness (Zargarian, 2016). Unmelted and partly melted powder particles in the proximity of the melt can become
attached to the surface, greatly increasing the surface irregularity (Zhao, 2016b).

Fatigue resistance is a critical aspect when load bearing biomedical implants are considered (Zhao 2016b). Ti-
alloys in general have high notch sensitivity (Long, 1998; Niinomi, 2008), so fatigue resistance is strongly
influenced by defects that act as stress raisers (Leuders, 2013; de Krijger, 2016). Leuders (2013) observed that pores
are detrimental for fatigue crack initiation, while tensile residual stresses are detrimental for fatigue crack
propagation. Thus, fatigue resistance of Ti6Al4V porous AM structures can be improved by HIP treatment because
porosity is reduced (Leuders, 2013) and the microstructure is improved (ductile a+p phase) (Van Hooreweder,
2017). It is important to stress that the unit cell relative density and morphology are decisive regarding the
mechanical behavior of the whole structure (Ahmadi, 2015; Zhao 2016b).

The paper presents the results of the fatigue and dimensional characterization of different regular open-cell
cellular structures produced by SLM of Ti6Al4V alloy. Six different configurations of the cubic cell were chosen: in
three of them the cubes are simply shifted to fill the 3D space, while in the other three the cubic cells are skewed to
obtain structures with a cylindric symmetry. Each specimen was provided with threaded heads to carry out fully
reversed fatigue tests. Micro X-ray computed tomography (CT) was used to measure these specimens as it is an
advanced technique that can effectively perform non-destructive evaluations of AM components characterized by
inner geometries and internal porosity, including cellular specimens (Wits, 2016; Kerckhofs, 2008). Moreover, pCT
systems specifically developed for coordinate metrology are currently available to perform accurate dimensional and
geometrical analyses (De Chiffre, 2014). The specimens were scanned with two different uCT systems: (i) a
metrological micro CT system to perform an extensive dimensional analysis for assessing the quality of the
manufacturing process and the discrepancy between the actual measured cell parameters and the nominal CAD
values and (ii) a helical scanning trajectory pCT system to locate a region of interest where residual stresses were
measured using the Plasma FIB-SEM-DIC micro-hole drilling method (Winiarski, 2016). Half of the specimens was
subjected to HIP and the effect of this treatment on porosity and the mechanical properties was also investigated.

2. Materials and methods
2.1. Cellular specimens

Six different open-cell cellular structures were considered in this work, shown in Figure la: regular cubic cells
(CUB-NS), single staggered cubic cells (CUB-S), double staggered cubic cells (CUB-28S), regular cylindrical cells
(CYL-R), single staggered cylindrical cells (CYL-S) and double staggered cylindrical cells (CYL-2S). All the
structures were designed with care in eliminating every sharp notch. The cross-section of the cell walls is thus
circular and all the junctions are filleted with the same nominal radius. These structures are intended to be employed
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in the production of fully porous orthopedic implants and were designed using the Finite Elements method to obtain
an elastic modulus of roughly 3 GPa to match that of trabecular bone. The specimens were additively manufactured
via SLM starting from the biomedical Ti grade Ti6AI4V ELI (Grade 23) in form of powder of mean diameter of
8.64 um (Figure 1b). The specimens were built along a direction inclined 45° to the longitudinal one using a 3D
System ProX DMP 300 printer. Further details are provided in Benedetti (2017). The specimens were divided into
two batches. The first was heat treated at 670° C for 5 hours in Ar protective atmosphere to relieve residual stresses
(referred to as “as-built”), the second was treated by HIP at 920° C and 1000 bar for 2 hours (referred to as
“HIPed”).

(2)

Figure 1. (a) CAD models of the six cellular structures studied; (b) example of specimen with the threaded heads for push-pull fatigue tests.

The geometrical parameters that characterize each cell are the cell wall length L, the cell wall diameter 7, and the
fillet radius R at the junctions and are reported in Table 1 together with the elastic modulus calculated via FE
method form the CAD models.

Table 1. CAD geometrical parameters of the cellular structures and effective elastic modulus (from FE applied to the CAD models).

Structure to (mm) R (mm) FE ela(slt\lllcpl:)odulus d:;z:i‘;‘:;} )
CUB-NS 0.260 0.130 3021 6.61
CUB-S 0.340 0.170 3220 15.32
CUB-2S 0.350 0.175 3208 19.61
CYL-NS 0.230 0.115 3000 6.04
CYL-S 0.300 0.150 2960 12.39
CYL-2S 0.350 0.175 2480 18.39

2.2. Porosity analysis

To measure the porosity and the dimensional parameters, two sections were cut from each specimen: a
transversal and a longitudinal with respect to the loading direction. The sectioned samples are then mounted, ground
using SiC abrasive papers (with 120, 180, 320, 400, 600, 1000, 1500 grit sizes), and polished using a 3-micron
diamond paste and a 0.04-micron alumina suspension. Pores were counted and their area measured on each section
using image analysis software ImageJ®. The maximum pore size in the whole specimen is estimated from the
distribution of the pore sizes on the analyzed section with a statistical approach based on the statistics of extreme
values, as described in Beretta (1998) and Murakami (2002).

2.3. CT dimensional evaluation

The central cellular part of one specimen for each type (see Section 2.1) was scanned using a metrological CT
system (Nikon Metrology MCT225) characterized by micro-focus X-ray tube, 16-bit detector with 2000%2000
pixels, high-precision linear guideways and controlled cabinet temperature (20£0.2 °C). The voxel size (i.e. the size
of the volumetric pixel) of the reconstructed three-dimensional models was equal to 8.3 pm. In this work, a new
Matlab (MathWorks, USA) routine was implemented to identify the spatial coordinates of nodes using a high-
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density point cloud extracted from the CT scanned volumes. The actual position of nodes was then compared with
their nominal position. The cell-wall diameter distribution of the cellular structures was evaluated using the
evaluation software VGStudio MAX 3.0 (Volume Graphics GmbH, Germany) and was then compared with the
nominal diameter.

2.4. Residual stress measurement using the micro-hole drilling method

The residuals stresses in an as-built CUB-NS specimen were measured using a Plasma FIB-SEM-DIC micro-
hole drilling method (Winiarski, 2016). In order to locate a suitable region of interest for the stress measurements
the scaffold was scanned using FEI HeliScan™ pCT scanner (800 nm resolution using 2D JIMA resolution test).
The achieved voxel size was (4.8 um)?® in this case. After 3D reconstruction of the scaffold, a suitable region of
interest was selected near a junction, A, to measure residual stress in the circumferential and axial direction of the
strut shown in Figure 2. Later, a portion of material was removed near the junction (Figure 2c) to create flat and
smooth surface needed for reliable measurements with micro-hole drilling method. PFIB was used at 30 kV/1.3 pA
for about 3 hours of continuous milling. Next an array of submicron-holes (diameter ~400-800 nm) were milled
PFIB using a bitmap file with predefined random pattern. The submicron-holes work in a similar way as Pt nano-
dots, thus enhance the topological contrast of FEGSEM imaging and improve the accuracy of DIC
displacement/strain measurement (Winiarski, 2012a). Two micro-holes of 20 pm diameter and 10 pm deep (1 and 2
in Figure 2d) were milled (15 nA at 30 kV). The dimensions of the holes were selected so that the surface
topography (roughness) after site preparation is much smaller than the micro-hole dimensions. In the stress mapping
process, a sequence of three FEGSEM images (dwell time, Dt = 3pus, 8 frames averaged, ETD detector) of the
patterned areas were acquired at 0° stage tilt before and three images after milling. The theoretical concepts on
which the calculation of the residual stresses is based and the related procedure are reported in Schajer (2013) and
Winiarski (2012b).

Figure 2. Position of residual stress measurements with the micro-hole drilling method on a CUB-NS specimen; a) shows volume rendered of
reconstructed micro CT projections, where A indicates the measurements location, b) and c¢) shows the junction before and after preparation for
the measurements, d) shows locations of micro-holes 1 and 2, while micro-hole 3 is used for testing milling conditions before actual

measurements.
2.5. Fatigue testing

Axial fatigue tests were carried out in laboratory environment using a RUMUL Mikrotron 20 kN resonant testing
machine equipped with a 1 kN load cell operating at a nominal frequency of 120 Hz under load control. The
specimens were subjected to constant amplitude fully reversed fatigue cycles (zero mean stress, R =—1). The
fatigue resistance at 10° cycles of the different structures has been estimated according to a step loading procedure
developed by Maxwell (1999) for Ti alloys that considerably reduces the testing time and the amount of expensive
experimental material with respect to standard methods. A sample of three specimens was tested for each structure,
for a total of 18 specimens. The fatigue notch factor Ky and the stress concentration factor K; were also calculated
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with Egs. 1 and 2, respectively:

fatigue resistance of bulk specimen

! (M

- fatigue resistance of the cellular specimen

K - maximum von Mises equivalent stress in the structure
=

@)

nominal homogeneous stress

The nominal homogeneous stress and the fatigue resistance of the cellular specimens were calculated by dividing
the force applied to the cellular structure by its nominal cross section (i.e. the section measured as if the cellular
material was a bulk material).

3. Results and discussion
3.1. Porosity analysis

The estimated maximum defect size measured as /area ., (Beretta, 1998) for each structure is shown in Figure
3. It is possible to note how HIPing is effective in reducing the size of the biggest pores. The cylindrical specimens
are richer in pores than the cubic ones, this is most likely because the former ones are more complex to produce. It is
also interesting to observe that the size of the maximum pore tends to decrease with increasing staggering (NS = S
- 28) for the as-built specimens. The authors believe that this can be explained with the fact that the cell wall
thickness increases with staggering by design and this appears to reduce the size of the pores.
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Figure 3. Maximum defect size.
3.2. CT dimensional evaluation

The structural analysis showed that significant structural distortions characterize the specimens, as depicted in
Figure 4. The misalignment of the cell walls (consider the relative positions of the measured and CAD joint centers
identified by the red and green point, respectively) can induce bending and shear actions that increase the severity of
the tensions produced by the fatigue loading cycles. The increased severity of the notches of the real junction with
respect to the CAD radius leading to higher local stresses can be also clearly observed.

In Figure 5, the CT measurement results of cell-wall diameters are shown for the HIPed structures. The staggered
structures have shown a wider distribution of the cell-wall diameters, but the modal value of the wall diameter is
closer to the nominal CAD value. In other words, the deviation from the CAD geometry is higher for the non-
staggered structures.
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Figure 4. CT dimensional analysis results of the joints. Position of the measured joint center (red point, obtained by CT data) compared with
the corresponding nominal center (green point) of specimen CUB-NS (HIPed). The black surface represents the CAD model and blue dots
represent the measured surface. (a) 3D view; (b) projection on the XY plane (normal to the vertical strut in part (a)).
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Figure 5. Cell-wall diameter distribution for the HIPed specimens (search angle 30°); the vertical lines represent the nominal CAD cell-wall

diameters.
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3.3. Residual stresses

Residual stresses were measured in an as-built CUB-NS specimen. Detrimental tensile residual stresses on the
circumference (+200 £ 80 MPa) and in the axial direction (+100 £ 70 MPa) were found in the surface regions near
scaffold junction in location 1. While in location 2 both tensile and compressive RS were present: oy~ +300 = 100
MPa and oy~ -100 + 70 MPa (see coordinates in Fig. 2d).

3.4. Fatigue resistance

The fatigue resistance at 10° cycles for each structure with its standard deviation is shown in Figure 6. HIPing
does not appear to have a clear effect on the fatigue resistance. The most reasonable explanation for this is that
fatigue resistance is controlled by the surface quality in terms of roughness and especially notches and not by the
internal pores. In fact, the HIP treatment does not reduce the severity of notches but only the size of pores. On the
other hand, the data also suggest that staggering has a positive effect on fatigue resistance and this effect is more
marked in the cubic samples. The most likely explanation for this is based on the values of K; calculated from the FE
simulations (Table 2): the values of K; in the staggered cubic specimens decrease remarkably because the cell wall
thickness and the fillet radius both increase. The same does not apply to the cylindrical structures because of the
more complicated design that causes a non-uniform distribution of loads on the transversal section of the staggered
structures. Thus, some walls carry more load than others and the tensions are higher at the corresponding junctions
despite the higher values of 7y and R.
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Figure 6. Fatigue resistance at 10° cycles.

The fatigue notch factors Kr could be computed because the fatigue resistance at 10° cycles of SLM unnotched
bulk Ti6Al4V specimens was measured, both in the stress relieved and the HIPed conditions (Benedetti, 2017):
o, =380 MPa and o’ ™" =240 MPa. Thus, we predicted K; from the ideal geometry and K; from the
experimental data. Normally, fatigue notch factors are lower than K, at long fatigue lives, Dowling (2013).
Comparing the values reported in Table 2, Ky is higher than K. In our view, this indicates that the notches introduced
in these structures due to the manufacturing process are more severe than what can be predicted from the CAD
model.

Table 2. Stress concentration factor and fatigue notch factors for each structure.

Structure K Ky as-built Ky HIPed
CUB-NS 62 115 188
CUB-S 49 82 144
CUB-2S 37 65 133
CYL-NS 58 107 163
CYL-S 59 105 123
CYL-2S 68 100 153

4. Conclusions

The manufacturing defects (internal porosity, structural distortions, dimensional deviations, residual stresses) in
SLM cellular specimens were investigated by means of micro-Xray computed tomography and optical methods and
the fully-reversed fatigue resistance at 10° cycles of the same specimens was measured. The possible effects of
defects on fatigue resistance were discussed with the aid of FE analyses. In addition, the effect of HIPing on both the
defectiveness and the fatigue resistance was evaluated. The HIPing treatment considerably reduces internal porosity,
but it does not have a clear effect on fatigue resistance because fatigue resistance is not affected as much by internal
porosity as by surface defects, especially sharp notches. Cellular structures designed with less fine geometrical
details appear to be less affected by internal porosity. Residual stresses were measured on a very limited part of the
specimen and thus the results can only prove that they can exist in the structure even after a stress relief heat
treatment. This fact should warn the designer on the complexity of fatigue behavior of such structures. In addition,
the fact that this kind of measurements are possible is an interesting result.
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