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Abstract

Porous structures have great potential in the biomedical field because, compared to traditional fully
dense implants, prostheses with a porous structure show reduced stress shielding and improved
osseo-integration. The development of Selective Laser Melting (SLM) made possible to obtain
metallic cellular materials with highly complex structures characterized by a wide range of cell
morphologies that allow to finely tune the mechanical properties of the implant to the patient needs.
Nevertheless, there are still several issues to address: among others, detrimental residual stresses
and the discrepancy between the as-designed and the manufactured geometry. Micro X-ray
computed tomography (uCT), being an accurate non-destructive measuring technique, combined
with the Finite Elements (FE) method permits to carry out in-depth investigations on the effect of
the number and severity of defects on the mechanical properties. The current study is an
investigation of the effect of the geometrical defects of a regular cubic lattice structure on the
fatigue resistance at 10° cycles and on the elastic modulus. We compared the results of fatigue and
quasi-static test with FE calculations based on the as-designed geometry and on the as-built
geometry reconstructed from uCT scans. We observed that both the elastic modulus and the fatigue
resistance are strongly correlated with the number and severity of defects and that predictions on the
mechanical properties based on the as-designed geometry are not accurate. We thus highlight the
importance of considering the limitations in accuracy of the manufacturing technique when
designing load bearing lattice structures.

1. Introduction

The necessity for stiff, strong and light materials is mandatory in the aeronautics, automotive,
sports and biomedical sectors and the class of foams and cellular materials can provide these
properties. These materials are structures on the small scale, but they behave as homogeneous
materials on the macroscopic scale. The main distinction is that the former have a random structure
generally obtained by a process which allows limited control on the cell size and cell-wall thickness
while the latter have a well determined periodic geometry which can be completely determined by a
small number of parameters [Ashby, 2006; Fleck, 2010; Gibson, 1997]. In principle, a more
controllable structure leads to more controllable mechanical properties and this makes cellular
materials very versatile as their properties can be varied on a wide range by simply modifying the
geometrical parameters on the small scale given the same base material [Gibson, 1997].

Porous structures have great potential in the biomedical field because, compared to traditional
fully dense implants, prostheses with a porous structure show reduced stress shielding and
improved osseo-integration [Dabrowski, 2010, Tan, 2017, Ahn, 2017]. The development of



Additive Manufacturing (AM) gave a great boost to the research and development of cellular
structures for biomedical applications. In fact, with AM it became possible to obtain cellular
materials also with highly complex structures characterized by a wide range of cell morphologies
that allow to finely tune the mechanical properties [Murr, 2010; Murr, 2012; Rashed, 2016]: for
example, costumer-specific implants and implants with a functionally graded structure (non-
homogeneous distribution of the mechanical properties) that locally vary their properties to match
those of the patient’s bone can be easily manufactured [Khanoki, 2012; Khanoki, 2013]. Nowadays,
metals are the best choice base materials for load bearing biomedical implants [Ryan, 2006, Singh,
2010, Wu, 2014] and the a+p Ti6Al4V alloy is one of the most popular because of a good
combination of strength and ductility [Rack, 2006]. Among the various AM techniques for metals,
Selective Laser Melting (SLM) allows greater precision [Tan, 2017] and was employed to produce
the specimens object of this study.

Although SLM has been proven capable of producing structures of great complexity, there are
still several issues to address. For instance, Ti6Al4V as-built SLM components are affected by
detrimental residual stresses [Leuders, 2013] and a brittle martensitic o' microstructure [Vrancken,
2012; Qiu, 2013; Benedetti, 2017; Dallago, 2018]. Hot Isostatic Pressing (HIP) is a
thermomechanical treatment that consists in simultaneously applying a high temperature and
pressure by submerging the component in a fluid with the effect of relieving residual stresses,
increasing the ductility of the microstructure (o' martensite is decomposed into o lamellae in a
matrix and the grains are coarsened) and reducing closed porosity [Leuders, 2013; Qiu 2013;
Wauthle, 2015; Zhao, 2016a; Tammas-Williams, 2016; Van Hooreweder, 2017; Benedetti, 2017;
Dallago, 2018]. Geometrical defects are also an issue because they are inevitably introduced into
the printed structures and these can affect the mechanical and biological properties. Discrepancy
between the as-designed and the manufactured geometry is a well-known phenomenon in
biomedical metallic lattices characterized by strut thicknesses of a few hundred microns, which is
close to the manufacturing limits [Parthasarathy, 2010; Van Bael, 2011; Liu, 2017; Bagheri, 2017].
Micro X-ray computed tomography, being an accurate non-destructive measuring technique [Wits,
2016; Khademzadeh, 2016], combined with the FE method permits to carry out in-depth
investigations on the effect of the number and severity of defects on the mechanical properties. For
instance, Liu et al. (2017) showed that FE models based on the as-built geometry of cellular lattices
acquired via uCT scans can explain the mismatch between the mechanical properties measured
experimentally and those predicted with simulations based on the as-designed geometry. The
thickness of the as built strut of the cellular lattice, and so the deviation from the as-designed
thickness, is determined by the size of the melt pool which is the result of the complex interaction
of the local thermal properties of the powder/solid system and the SLM process parameters such as
the laser power, the scanning speed [Mullen, 2009; Qiu, 2015; Sing, 2018] and layer thickness
[Sing, 2018]. To complicate the matter, not only the as-designed size of the strut is relevant, but
also its inclination is a factor to consider, as discussed in [Mullen, 2009; Emmelmann, 2011; Pyka,
2013; Yan, 2014; Kessler, 2017]. In fact, inclined struts are supported by loose powder which has
lower thermal conductivity than the solid and thus a higher fraction of the powder is partially or
completely melted compared to a vertical strut. The difficulty in predicting the as-built shape is
further increased by the material shrinkage during solidification and cooling [Zhu, 2017].

Fatigue resistance is a critical aspect when load bearing biomedical implants are considered
[Zhao 2016b]: consider, for example, the periodic nature of human gait in the case for hip implants
[van den Bogert, 1999; Murr, 2010]. Nevertheless, few studies on the fatigue resistance of cellular



materials have been published until now compared to those on the static mechanical. Experimental
studies on foams [Banhart, 1999; Gibson, 2000; Zettl, 2000; Zenkert, 2006] are more abundant than
those on regular cellular materials, which mainly concern metallic AM lattices for biomedical
applications [Hrabe, 2011; Leuders, 2013; Yavari, 2015, Zargarian, 2016]. These publications are
mainly aimed at the determination of the S-N curves of structures with specific morphologies. The
detrimental effect of geometrical irregularities as stress raisers on the fatigue resistance of AM
metallic cellular structures has been observed in Hrabe (2011), Yavari (2013), de Krijger (2017).
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, 2017). Fatigue
is in fact caused by the accumulation of damage at spots where stress concentration occurs and thus
to be able to accurately predict the fatigue resistance of a structure the focus must be shifted to the
local details in geometry [Fricke, 2003; Dowling, 2013]. The stress concentration factor due to the
joints and geometrical irregularities in general (roughness and variations in the cross-section of the
cell-walls) was included in the approach based on numerical simulations described in Hedayati
(2016) to estimate the fatigue life of cellular structures.

In this work, we investigated the fatigue strength and the elastic modulus of SLM Ti6Al4V regular
cubic lattice specimens. Moreover, we studied the effect of the geometrical defects introduced into
the lattice during the manufacturing process on the mechanical behavior. The morphology of the as-
built lattice was acquired with a metrological micro X-ray computed tomography (uCT) and a
statistical analysis was carried out on the point cloud obtained from the scanner to measure and
classify the geometrical defects in terms of an as-designed/as-built mismatch. The detailed
information on the specimen geometry was also used to devise FE models to compare the elastic
modulus and the stress distribution at the junctions of the as-designed lattice and the as-built lattice.
The residuals stresses were measured using the Plasma FIB-SEM-DIC micro-hole drilling method
[Winiarski, 2016] in a region of interest located with a helical scanning trajectory pCT system.

2. Experimental
2.1 Cellular specimen

In this work, we studied regular cubic cellular lattices (Figure 2.1-1). The specimens were designed
aiming at eliminating every sharp notch to improve fatigue resistance and obtaining an elastic
modulus matching that of trabecular bone (~3 GPa) because the application we focused on is the
production of fatigue resistant fully porous orthopaedic implants. The cell walls, of length L, are
circular in cross-section (diameter ty) and are joined with filleted junctions (radius R), as shown in
Figure 2.1-1a. The values of the geometrical parameters are reported in Figure 2.1-1b. The nominal
relative density of the lattice is 6.61%. The cellular part of the specimen is made to fill a cylindrical
volume of 10 mm in diameter and 13.5 mm in height. The specimen is provided with threaded
heads to allow both tensile and compressive loads (Figure 2.1-1c¢).



N7 Y

Figure 2.1-1. Cellular specimen studied in this work: (a) as-designed unit cell; (b) geometrical parameters of the
unit cell; (c) entire specimen with threaded heads.

The specimens were additively manufactured via SLM with a 3D System ProX DMP 300 printer
[Benedetti, 2017], starting from biomedical grade Ti6Al4V ELI (Grade 23) powder of mean
diameter of 8.6 um. The specimens were built inclined of 45° to the printing direction (Figure 2.1-
2a), with one set of struts (identified with the x direction) laying in the printing plane and the other
two sets inclined of 45° (Figure 2.1-2b). Two batches were prepared: the first was stress relieved at
670°C for 5 h in Ar protective atmosphere (referred to as “stress relieved” in the text), while the
second one was treated by hot isostatic pressing (HIP) at 920 °C and 1000 bar for 2 hours after sand
blasting to remove the loose particles (referred to as “HIPed” in the test). Further details on the
design procedure of the specimens’ geometry and on the manufacturing process are provided in
[Dallago, 2018] and [Benedetti, 2017].
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Figure 2.1-2. (a) As-built specimen with support structure; (b) details on the orientation of the struts to the
printing direction and xyz reference system.

2.2 Metrological analysis

A HIPed specimen was scanned using a metrological CT system (Nikon Metrology MCT225)
characterized by micro-focus X-ray tube, 16-bit detector with 20002000 pixels, high-precision
linear guideways and controlled cabinet temperature (2040.2 °C). The three-dimensional model of
the specimen was reconstructed with a voxel size of 8.3 pm. The high-density point cloud generated
by the scanner was fed to an in-house Matlab (MathWorks, USA) routine to measure the
geometrical features of the as-built lattice (a flowchart describing the basic characteristics of the
routine is showed in Figure 2.2-1). As a first step, the centers of the junctions between the struts
were estimated as the centroid of the data points of the 6 struts converging in the junction. This is



the most important step because all the others depend on it. The position of the center of the as-
designed lattice was used as a first guess to find the six struts converging into the selected junction.
The position of the centers was used to carry out a general comparison of the as-built geometry with
the as-designed geometry by overlaying the two by minimizing the sum of the squares of the
distances between corresponding junction centers. This operation made possible to capture also
qualitatively the as-built/as-designed mismatch strut by strut, junction by junction. Slices were
sampled along the axis of each strut and the points were fitted with both circles and ellipses. The
parameters registered in such way were analyzed statistically to characterize the as-built geometry
and passed on to a FE code made of beam elements to study the effect of the as-built geometry on
the mechanical behavior of the lattice.
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Figure 2.2-1. Flowchart of the Matlab routine used to analyze the point cloud generated by the uCT scanner.
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2.3 Residual stresses

Residual stresses in a stress relieved specimen were measured using the Plasma FIB-SEM-DIC
micro-hole drilling method. After micro X-Ray CT helical scanning (FEI Heliscan pCT scanner)
and reconstruction of the whole scaffold, we have selected a suitable region of interest near a
junction (A, in Figure 2.3-1) to measure the residual stresses in the circumferential and axial
directions of the strut. Later, we removed material near the junction (Figure 2.3-1b and 2.3-1c) to
create the flat and smooth surface needed for reliable measurements with the micro-hole drilling
method. We have used PFIB at 30kV/1.3puA for about 3 hours of continuous milling. Next, an array
of submicron-holes (diameter ~400-800 nm) were milled with a PFIB using a bitmap file with
predefined random pattern. The submicron-holes obtained after such procedure work in a similar
way as Pt nano-dots, thus enhancing the topological contrast of FEGSEM imaging and improving
the accuracy of DIC displacement/strain measurement [ Winiarski, Schajer et al., 2012]. Finally, two
micro-holes 20 pm in diameter and 10 pm deep (1 and 2 in Figure 2.3-1d) 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 = 3ps, 8 frames averaged, ETD detector) of the
patterned areas were acquired at 0° stage tilt before milling and three images after milling.

Figure 2.3-1. Shows position of residual stress measurements with the micro-hole drilling method; (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.

The radial displacement &r,6) of the surface around a circular hole of diameter a drilled in a
uniformly stressed material with dimensions much greater than the hole size have a trigonometric
form [Schajer, Winiarski et al., 2013] (£ is the Young’s modulus):

5.(r.0) ~ [P-ur(r)+Q-vr (r)-cos(20)+T-v, (r)-sin(29)]

- 2.3-1
a E ( )
where the stresses
P@ Q(ff_sz) P, (2.3-2)

respectively represent the isotropic stress, the 45° shear stress, and the axial shear stress. In Eq.
(2.3-1), u,(r,0) is the radial profile of the radial displacements caused by a unit isotropic stress P,

and v, (r,0) is the radial profile of the radial displacements caused by unit shear stresses Q or 7.

The corresponding circumferential displacements have the following form:

8y (r,0) _ [P-u&(r)+Q-v6, (r)-cos(20)+T v, (r)~sin(26?)]

- : (2.3-3)

where v,(r,0) is the radial profile of the circumferential displacements caused by unit shear

stresses Q or T.



The advantage of normalizing by the hole radius a and Young’s modulus £ (here 71.7 GPa) is that
the radial displacement profiles u(») and v{(r) become non-dimensional. The resulting numerical
values depend on hole depth and can be computed using finite element analysis [Winiarski, Withers
etal., 2012].

After some mathematical rearrangements and correcting for SEM image stretch and shear artefacts,
Eq. (1) can be expressed in a compact 9 x 9 matrix form (see the derivation of formula in [Schajer,
Winiarski et al., 2013])

G Gw=G o (2.3-4)
Where G is a matrix of the radial profile of the radial displacements caused by a unit stresses P, O

and T: G has 2N rows and 9 columns, where N is the number of pixels of the image used for DIC

calculations; w includes the correction for SEM image stretch and shear artefacts; ETE (1 x9
vector) are the products of the matrix coefficients and displacements at each pixel used for DIC
calculations. Three images collected before the micro-hole milling and three after are used to
average the measured stress components (cx, Gy, Txy) from 9! data points. The uncertainty of the
measurements of the three stress components is equal to the standard deviation of the 9 measured
data points for each micro-hole.

2.4 FE modelling

The FE method (ANSYS 17.2®) was used to predict the mechanical behavior of the as-designed
geometry of the lattice and to interpret the results of the mechanical tests in terms of the as-built
geometry acquired from the metrological CT scans. We devised both models made of beam
elements (3 node Timoshenko beam, BEAM189) and of solid elements (3D 10-Node Tetrahedral
Structural Solid, SOLID187) to obtain different degrees of simplification. Only small-displacement
linear elastic analyses were implemented to calculate the elastic modulus and the stress

concentration factor X, at the junctions (only with the solid model). The stress concentration factor

was calculated according to the following definition (Eq. 2.4-1):

K

+ _ maximum von Mises equivalent stress in the structure (2.4-1)

! nominal homogeneous stress

Where the nominal homogeneous stress is the ratio between the load on the unit cell and the
nominal area of the unit cell (LxL). This quantity is useful because it relates the homogenized
stress in the lattice with the maximum stresses acting in the base material.

2.5 Mechanical testing

Three specimens for both heat treatments were subjected to axial fatigue tests using a RUMUL
Mikrotron 20 kN resonant testing machine equipped with a 1 kN load cell operating at a nominal

' Cross — correlation of 3 SEM image collected before (Iv1, Iv2, In3) and 3 after (Iai, la2, I.3) micro-hole drilling allows calculate 9 (Io1 — lar, Io1 — a2, Ii —
Tas, Ib2— a1, I — Ia2, etc.) displacement field maps later used for the residual stress calculation.



frequency of 120 Hz under load control. Constant amplitude fully reversed fatigue cycles (zero
mean stress, R =—1) were applied to measure the fatigue strength at 10° cycles. This 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.

The fatigue notch factor K; was calculated from the experimental measurements with Eq. 2.5-1:

o fatigue resistance of bulk specimen

- fatigue resistance of the cellular specimen (2.5-1)

Where the fatigue resistance of each cellular specimen was calculated by dividing the load at failure
by the nominal cross section of the specimen (i.e. the section measured as if the cellular material
was a bulk material). This definition of the fatigue notch factor is based on the observation that the
cellular specimen can be considered a notched specimen.

The elastic modulus was measured on two stress-relieved specimens as the slope of loading-
unloading curves, according to ISO 13314. The specimens were mounted on an Instron 4500 testing
machine with a 10 kN load cell and the displacement was measured with an axial extensometer. The
speed of the cross-head was 0.5 mm/min.

A thorough description of the mechanical tests can be found in [Dallago, 2018] and, for brevity, we
only provided the reader with some essential pieces of information.

3. Results and discussion

3.1 Metrological analysis

The point cloud generated by the uCT scanner (a detail is shown in Figure 3.1-1a, compared with
the as-designed geometry) was used to carry out a thorough metrological analysis of the cellular
lattice with an in-house Matlab routine. An xyz reference system with the axes parallel to the struts
is defined to identify the three set of struts (Figure 3.1-1b); the z axis is aligned with the loading
direction of the specimen (Figure 2.1-2a). The distance between the positions of the centers of the
junctions of the as-built lattice (Figure 3.1-1c) and the corresponding centers of the as-designed
lattice are measured to estimate the overall distortion of the lattice (Table 3.1-1). The average
distance is low (35.5 um) if we consider that the unit cell size is 1500 um, and the maximum value
confirms that the overall distortion of the lattice is not particularly severe. The junction centers were
used to overlay the as-built lattice on the as-designed lattice (details of the outcome are shown in
Figure 3.1-1a in 3D and in Figure 3.1-2 the xy plane in 2D) and this allows us to make some
preliminary observations. The surface of the struts is highly irregular and specifically the struts
laying in the printing plane (x-struts) show numerous protrusions.
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Figure 3.1-1. Details of the results of the uCT scan of the as-built lattice. (a) Overlay of an as-built unit cell (blue
points) on the as-designed unit cell using the junction centers; (b) detail of the uCT scan with the xyz reference
system; (c) CT data cloud with sections, section centers and strut axis highlighted. Note the waviness of the strut
(offset between the section centers and the strut axis).

Table 3.1-1. Statistical descriptors of the misalignment of the junction centers.

Statistical parameter Value [nm]
Maximum deviation 95.0
Minimum deviation 2.8
Mean 35.5
Standard deviation 18.4
Median 32.2

Ten sections were sampled along each strut of the specimen and the following geometric parameters
were measured (for clarity, only seven shown in Figure 3.1-1c¢):

. Cross-section equivalent radius (calculated as the radius of the circumference with the
same area as the strut cross-section).

’ 2 2
. Cross-section eccentricity e= V4 —b 4 , where a and b are the major and minor axis

of the best fitting ellipse, respectively. e =0 is a perfect circle, while e=1 is a segment.
. Cross section orientation with respect to the xyz reference system.
. Offset of the cross-section center to the strut axis.
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Figure 3.1-2. 2D view of the overlay of the as-built lattice (blue points) on the as-designed lattice (black lines)
using the junction centers. Note the greater mismatch of the horizontal struts (x-strut, parallel to the printing
plane) compared to the vertical struts (y-struts, printed at 45° to the printing plane).

A first appreciation of the as-designed/as-built mismatch is already possible from a visual

comparison (Figures 3.1-1a and 3.1-2). The statistical analysis carried out on the quantities

previously listed gave a quantitative measure of the uneven distribution of material in the as-built
lattice, which is ultimately determined by the local heat transfer properties of the powder-solid

material system and it manifests as a series of defects that affect the lattice. According to this

analysis, the following defects could be identified and classified:

Variable strut cross-section equivalent radius.
The equivalent radius has the statistical distribution shown in Figure 3.1-3a,
characterized by the descriptors listed in Table 3.1-2. The most notable aspect is that the

average cross-section equivalent radius is always higher than the as-designed value. The
struts parallel to the printing plane (x-struts) show the greatest mean deviation from the
design value (51.8%) and the widest distribution. The wider the distribution, the less
predictable is the outcome of the printing process.

Offset of the cross-section centers from the axis connecting two (as-built) junction

centers.

This offset is manifested as waviness in the struts and again the struts parallel to the
printing plane (x-struts) show the highest average offset (55.8%, Table 3.1-3) and the
widest distribution (Figure 3.1-3b). In fact, the struts laying in the printing plane are
highly irregular with numerous protrusions (which are possible to appreciate also
visually, see Figure 3.1-2 for example) that offset the barycenter of the section.



Strut cross-section eccentricity.
The cross-section of the as-built struts deviates somewhat from the circular shape and
tends to become elliptical. The eccentricity measures the deviation from the circular

shape. The best fitting ellipses of the cross-sections are shown in Figure 3.1-4 for each
strut set. A statistical analysis of the eccentricity was also carried out and we observed
that most of the struts deviate from a circular section (Figure 3.1-3c). The struts laying in
the printing direction (x-struts) are the most elliptical (e = 0.79, Figure 3.1-4a) and
show an inclination of 45° to the y and z directions, exactly aligned with the printing
direction. The statistical distribution of the inclinations (Figure 3.1-3d) is very narrow
around angles of -45°, +45° and 135°. The y- and z-struts show a more uniform
distribution of inclinations, although there appears to be a prevalent orientation (16° and
20°, respectively, Figure 3.1-3d). The small inclination of the cross-sections of the other
struts indicates that most likely the specimen was not printed perfectly at 45° as
indicated in Figure 2.1-2b.

Missing/interrupted struts.

We observed a few struts with considerable thinning in the cross-section, as shown in
Figure 3.1-5. An excessive thinning may lead to the interruption of the strut: in this

specimen, of 910 struts, two vertical struts are interrupted due to an excessive thinning
of the section.

Junction center position.

Observing Figures 3.1-1 and 3.1-2, the uneven distribution of material in the proximity
of the junction is immediately noticeable. Because of this, the junction centroids of the
as-built lattice don not coincide with those of the as-designed lattice and there is a 35£18
um offset on average, which is quite small compared to a 1500 um unit cell size. Some
statistical parameters of the as-built/as-designed junction center offset are reported in
Table 3.1-1.
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Figure 3.1-3. Results of the statistical analysis carried out on the uCT point cloud: (a) distribution of the
normalized deviation between the as-built equivalent cross-section radius and the as-designed value (0.130 mm)
in % ; (b) distribution of the normalized offset of the centers of the fitted circumferences from the strut axis; (c)
distribution of the eccentricity values calculated form the ellipses fitted on the sampled cross-sections; (d)
distribution of the orientations of the best fitting ellipses.

Table 3.1-2. Statistical descriptors of the cross-section radius variation (CAD: t,/2 = 0.130um).

Statistical Cross-section radius variation
parameter X [um] Y [um] Z [um] X [%] Y [%] Z [%]
Max. value 128.1 73.2 50.9 98.6 56.3 39.2
Min. value -23.9 -0.18 -16.2 -18.4 -0.13 -12.5
Mean 67.3 40.8 32.2 51.8 31.4 24.8
Std. Dev. 22.3 11.0 5.90 17.20 8.50 4.50
Median 68.3 41.3 32.6 52.5 31.8 25.0
Table 3.1-3. Statistical descriptors of the cross-section center offset.
Statistical Cross-section center offset
parameter X [um] Y [um] Z [um] X [%] Y [%] Z [%]
Max. value 226.2 139.4 96.1 174 107.3 73.9
Min. value 1.5 1.3 0.2 1.2 1.0 0.2
Mean 72.6 38.5 27.7 55.8 29.6 21.3




Std. Dev. 39.9 21.1 16.9 30.7 16.2 13.0

Median 67.3 36.5 23.8 51.8 28.1 18.3
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Figure 3.1-4. Plot of the best-fitting ellipses of the cross-section of each set of struts. The centers of the sections of
each strut are translated to the (0,0) point with the correct inclination to the other two set of struts indicated by
the xyz reference system. (a) x-struts; (b) y-struts; (c) z-struts.
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Figure 3.1-5. Example of a strut (x-strut) with considerable thinning in the cross-section.

3.2 Residual stresses

The residuals stresses in a stress relieved specimen were measured using the Plasma FIB-SEM-DIC
micro-hole drilling method. Detrimental tensile residual stresses were found in the surface regions



of the junction in location 1 in the circumferential direction (o, =+200£80MPa) and in the axial
direction (o, =+100+ 70MPa). While in location 2, both tensile and compressive residual stresses
were present: o, =+300+100MPa and o, =—-100+70MPa (see coordinates in Fig. 2.3-1d).

3.3 Elastic modulus

The elastic modulus of bulk Ti6Al4V specimens was measured in Benedetti et al., 2017 and the
results are reported in Table 3.3-1 for both heat treatments. Quasi-static testing was carried out only
on stress relieved cellular specimens, thus FE analyses were performed only with the elastic
properties of the stress relieved Ti6Al4V (E = 113 GPa, v = 0.34).

Table 3.3-1. Elastic moduli of the bulk material for both heat treatments. The elastic moduli were measured in
specimens printed along their longitudinal direction [Benedetti et al., 2017].
Stress relieved HIPed
E 113 MPa 110 MPa

A solid FE model of the as-designed unit cell was used to estimate the expected elastic modulus of
the structure, by applying periodic boundary conditions as described in [Kim, 2003] implemented as
in Figure 3.3-1a by constraining the displacements of master nodes defined on the sections of the
struts. Solid models of the as-built structure were also devised by meshing the eight junctions
extracted from the uCT scan. We chose these set of BCs (Figure 3.3-1b) because, in our opinion,
PBCs are not appropriate in this case because the structure is not strictly periodic anymore (given
the irregularities). On the other hand, it is reasonable to assume that the horizontal struts are
unloaded while the vertical struts are constrained to deform along the vertical axis by the other
vertical struts. Note that applying these set of BCs to the as-designed unit cell would give the same
elastic modulus as with the PBCs given the perfect symmetry of the as-designed geometry.

77777
Figure 3.3-1. Solid FE models and boundary conditions to calculate the elastic modulus: (a) as-designed unit cell;

(b) example of as-built unit cell.



Solid models are the most accurate, but they are very computationally demanding. To overcome this
limitation, we used the results of the pCT scan to build models made of beam elements of the entire
specimen that include the geometrical defects of the as-built lattice. Four such models were created,
of increasing complexity, to compare the effect of the different types of defects (in the first three
models, the centers of the junctions are in the as-designed location):

. Beam model with variable cross-section diameter and zero center offset.

. Beam model with variable cross-section center offset and constant diameter, equal to the
mean value calculated form the CT data (the mean values are different for struts of
different orientation).

. Beam model that combines the two previous defects.

. Beam model that includes all the defects: variable cross-section diameter and offset,
missing struts and the junction centers location as calculated form the pCT data.

Although not useful to estimate the stresses, these models allowed us to get some more insight into
the effect of defects on the elastic modulus of the lattice. Each strut was meshed with beam
elements with a circular cross-section and the section properties (diameter and center offset from
the mean axis) assigned based on the statistics extracted from the nCT data (the beam model and its
details are shown in Figure 3.3-2). The strut thickness (diameter) and the offset were assigned
randomly from a normal distribution defined by the mean value and the standard deviation
calculated from the pCT data analysis (Figures 3.1-3a and 3.1-3b). The offset is defined by a vector
of modulus extracted from the distribution of Figure 3.1-3b and direction an angle 6 chosen
randomly between 0° and 360° (Figure 3.3-2). It should be noted that the distributions of the offset
in Figure 3.1-3b are not strictly normal, but for simplicity we assumed that they are. We simulated
the compression tests by applying a small uniform displacement to the top side of the model and by
fixing the bottom side, as shown in Figure 3.3-2. The simulations were repeated 15 times for each
model type to achieve a suitable statistic.

dy

—a5-built
— 1 CAD

Figure 3.3-2. Beam model of the cellular part of the specimen, including geometrical defects. The struts are
meshed with beam elements of circular cross-section and a random offset from the axis joining two junctions.

The comparison of the results of the various simulations give us some appreciation of the role of the
geometrical defects on the elastic modulus (Figure 3.3-3). The as-designed model (3111 MPa) with



PBC considerably underestimates the elastic modulus of the as-built structure (3436 MPa). This
mismatch is due to the combined effect of the defects in the as-built structure, predominantly due to
the thicker struts of the as-built lattice. On the other hand, the elastic modulus of an ideal unit cell
with the struts thickness equal to the as-built mean values is well over 4000 MPa, regardless of the
fillet radius (Dallago, 2018). In fact, the analysis of the results of the beam models can resolve the
contribution of the different types of defects:

. the offset of the cross-section centers (strut waviness) causes a remarkable drop in the
elastic modulus (3870 MPa) compared to the model that accounts only for the cross-
section diameter statistical distribution (4379 MPa);

. the cross-section diameter statistical distribution does not seem to have a significative
effect on the elastic modulus;

. the misalignment of the junction centers further decreases the elastic modulus to 3659
MPa;
. Including also the missing struts, the elastic modulus becomes 3491 MPa, which is very

close to the experimental value.

In conclusion, the increase in the mean cross section diameter has the obvious effect of increasing
the elastic modulus, but it also appears that the width of the cross-section diameter distribution does
not have a significant effect (very small standard deviation in the results of the beam models). The
strut waviness and the misalignment of the junction centers significantly decrease the elastic
modulus while the missing struts, even if parallel to the loading direction, do not have a major
effect, if they are few compared to the total number of struts (two, in our specimen). This is because
the strut waviness and the misalignment of the junction centers introduce bending loads in the
lattice. It is likely that a stretching dominated lattice such as the one considered in this work, is
particularly sensitive to these types of defects. The results of the solid FEM model based on the CT
scans are reasonably close to the experimental value, although slightly higher. This is most likely
because only unit-cell sized models could be simulated, that cannot correctly reproduce the complex
interaction between the various defect types.
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Figure 3.3-3. Bar chart comparing the elastic moduli calculated by the various FE models with the experimental
measurement.

3.4 Fatigue strength

The fully reversed fatigue strength at 10° cycles of unnotched bulk SLM specimens, printed with
the same process parameters as their cellular counterpart, have been studied and are discussed in
[Benedetti, 2017], but the results relevant to this work are reported in Table 3.4-1 for simplicity.

Table 3.4-1. Fully reversed fatigue strength at 10° cycles properties of bulk Ti6Al4V [Benedetti, 2017].
Stress relieved HIPed
0 0106 240 MPa 380 MPa

The mechanical properties of the base material and the as-designed geometrical parameters are used
to calculate the expected mechanical properties of the as-built lattice. The stress concentration

factor K: of the as-designed unit cell was calculated with a linear elastic FE analysis to be 65 (the

boundary conditions applied are those of Figure 3.3-1a). Assuming a conservative notch sensitivity
g for SLM titanium equal to 1, the expected fatigue notch factor K*; is equal to the stress
concentration factor [Dowling, 2013]:

K} =1+q(K ~1)=65

The fatigue strength of the cellular specimen is calculated from Eq. 1 for both the HIPed and the
stress relieved structures.
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The fatigue strength and the fatigue notch factor calculated based on the as-designed geometry are
reported in Table 3.4-2.

Table 3.4-2. Fatigue properties calculated based on the as-designed geometry.

Stress relieved HIPed

106 3.4 MPa 5.4 MPa

K* 65 65

The results of the fatigue tests are provided in Table 3.4-3 together with their standard deviation.
The fatigue notch factor is calculated from the experimental data according to Eq. 2.5-1. The effect
of HIPing is not significative on the fatigue resistance because both values are within the bounds of
the standard deviation. Arguably, the clear improvement induced by HIPing on the fatigue strength
of the bulk specimens is not matched in the cellular lattices because although it is effective in
closing the internal porosity in the struts [Dallago, 2018], it does not reduce the severity of the
surface irregularities. That is, we observe that the fatigue resistance of the cellular structures is
controlled by the surface quality in terms of roughness and especially notches and not by the size of
the internal pores. Moreover, the experimental fatigue notch factors are two to three times higher
than the expected values and, in our opinion, this indicates that the notches introduced in these
structures by the manufacturing process considerably increase the severity of the strut junctions
compared to the as-designed geometry. The junctions between the struts are indeed the most critical
part for fatigue in this kind of structures, given that the struts always break at the junctions
[Dallago, 2018].

Table 3.4-3. Fatigue properties measured experimentally.

Stress relieved HIPed
04106 2.06+0.21 MPa 2.02+0.37 MPa
Kr* 116 188

An estimation of the stresses acting at the strut junction in the as-built lattice could be carried out by
selecting eight junctions (of the size of a unit cell) from the CT scan of the entire specimen and
importing them into Ansys. Due to limitations in computational power, the FE analysis was limited
to a single junction. These models were solved by applying the displacements on the extremities of
the struts (on the “cuts”), obtained from the solution of the beam model that most accurately
represents the specimen by including all the defects (Figure 3.3-2), at the corresponding locations.
The accuracy of the FE results is restricted by the refinement of the mesh, chosen to be not far from
that of the uCT accuracy (the size of the elements was 30+40 um). The effect of the high degree of
irregularity of the as-built geometry on the stress distribution is qualitatively shown in Figure 3.4-1,
by comparing the von Mises equivalent stress distribution in the as-designed unit cell with that of
two as-built junctions. The symmetry of the stress distribution is completely lost, and the maximum
intensity is reached only in a specific location. Nevertheless, it is clearly shown that the most
stressed part of the as-built lattice is close to the junction in all cases (red zones). The values of the



stress concentration factors calculated form the simulations are reported in Table 3.4-4, expressed
as the mean value and standard deviation of the values measured for a range of the smallest element
sizes. Somewhat surprisingly, they show an increase of only roughly 21% on average, compared to
the as-designed geometry, although a wide variability is found. Notably, the junctions situated
further away from the specimen axis (J6, J7 and J8), show higher stress concentrations. This is most
likely due to the boundary conditions, as will be discussed further later. These results indicate that
the as-built junctions are in fact more severe than the as-designed junctions, but not as much as
expected from the fatigue tests. Clearly, there are several factors that influence the fatigue strength
of the lattice, other than the junctions included in the simulations:

1) only a limited number of junctions was analyzed (there may be more severe junctions that
are responsible for the failure of the specimens);

2) detrimental tensile residual stresses, which were in fact measured acting in the axial
direction as described in Section 3.2;

3) the unexpectedly high fatigue notch factor K; displayed by the HIPed lattice, even higher

than that of the as-built condition, can be imputed to the presence of brittle alpha case,
shown in Figure 3.4-2, that increases the sensitivity of the structure to surface cracks
(Dallago 2018). The presence of alpha case on the surface of the lattice may be due to the
inevitable O contamination of the Ar protective atmosphere in which the HIP treatment was
conducted. This suggests the idea that the fatigue strength is more dictated by intrinsic
geometric defects rather than the internal porosity, for whose elimination the HIP treatment
was devised.

4) possible presence of a brittle alpha case in the HIPed lattice, as shown in Figure 3.4-2, that
increases the sensitivity of the structure to surface cracks (Dallago 2018);

5) small distortion of the specimen that may introduce a bending load once the specimen is
mounted in the fatigue testing machine that is added to the axial stresses;

6) The smoothing procedure that was necessary to make it possible to mesh the uCT data has in
fact decreased the severity of the notches to a certain degree. It is very difficult to quantify
this effect because, on the other hand, the discretization of the geometry with voxels
produces an unrealistically rough surface.

(b)

CT-N1 CT-N8

Max stress
Figure 3.4-1. Von Mises contour plots obtained from the FE analyses. (a) As-designed geometry; (b) junction N.

1; (c) junction N. 8; (d) location of the junctions in the specimen.




Table 3.4-4. K* calculated from the solid FE models based on the CT unit cells: mean value (n), standard
deviation (o) and % deviation on the K*: between the CT and the CAD (K* = 65) based FE models.

Average Std. dev.

Junction (K* uCT) (K* uCT) AK* uCT vs CAD

J1 76.02 1.1 21.9%

J2 53.14 1.4 -14.7%

J3 76.75 4.5 23.1%

J4 68.54 0.9 9.9%

JS 76.80 1.0 23.2%

J6 85.00 1.3 36.3%

J7 88.90 1.0 42.7%

J8 80.34 3.8 28.9%
Average 75.67 10.9 21.4%
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Figure 3.4-2. Microstructure of the
the surface (o-case).

An interesting aspect to consider is the effect of the distortion and of the finite size of the specimen
on the stress concentration at the junctions. We tried give an estimate by comparing the stress
distribution in the as-built junction when the periodic boundary conditions (PBC) are applied with
that obtained with the boundary conditions applied as displacements corresponding to the position
of each CT unit cell extracted from the beam model of the specimen that includes all the defects.
The results of the convergence analysis for each of the eight junctions for both types of boundary
conditions are shown in Figure 3.4-3, in terms of the stress concentration factor plotted against the
element size. As observed previously, there is a strong variability of the results, but the stress
concentration is always lower for the PBC. In Table 3.4-5, the differences between the stress
concentration factor calculated with the PBC and the specimen BC are listed both in terms of
absolute value and in percentage. The non-symmetrical loading found in the as-built structure
further increases the severity of the junctions. Junctions further away from the mid-axis of the
specimen (J6, J7 and J8) are more affected by the boundary conditions, as already observed. Figure
3.4-3 allows us to make some observations on the difficulties and on the limitations of this analysis.



To achieve a sufficiently regular mesh, the point cloud representing each junction had to be
smoothed at the expense of the finer surface details. In some cases (J1 for example), the
convergence plateau for the smallest element size is not observed. This might be related to a
difficulty in controlling the element size during meshing operations.

Table 3.4-5. Effect of the finite size of the specimen: variation of the stress concentration factors in the as-built
junctions when switching from the BCs extracted from the beam model to the PBCs.

Junction AK*; AK*¢ (%)
J1 -6.11 -8.74%
J2 - -
J3 -1.96 -2.62%
J4 -3.99 -6.19%
JS -4.32 -5.96%
J6 -10.70 -14.40%
J7 -12.25 -15.98%

J8 -26.10 -48.11%
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4. Conclusions

In this work, we investigated the effect of geometrical defects and residual stresses on the elastic
modulus and on the fully reversed fatigue resistance at 10° of regular cubic SLM Ti6Al4V cellular
specimens. The geometrical defects of the as-built lattice and the general as-built/as-designed
morphological mismatch was discussed on the basis a statistical analysis of the results of the uCT
scan of a specimen. FE simulations were completed by importing the as-designed geometry and the
as-built geometry acquired with the uCT into ANSYS ®. The results of the experimental
measurements were then compared with the FE results and the effect of the as-built/as-designed
morphological mismatch on the mechanical behavior was discussed.

The results obtained in this work allow us to draw the following conclusions:

e There is remarkable morphological mismatch between the as-built and the as-designed
lattice structure. During printing, the distribution of the material does not depend only on the
as-designed geometry fed to the machine but also on the parameters of the process and on
the local variations of the thermal properties of the system. In other words, we observe that
struts with a different orientation to the printing direction are reproduced with a different
accuracy. More specifically, struts with a low angle to the printing plane are systematically
affected by an overhang of accumulated molten material that increases the as-built thickness
and offsets the barycenter of the cross-sections from the imaginary axis that connects the
two junctions introducing a sort of “waviness”. The uneven distribution of material affects
also the strut junctions by slightly displacing their barycenter and by introducing sharp
notches.

e The as-built/as-designed morphological mismatch has a complex influence on the elastic
modulus of the lattice. We could say that, in general, the higher thickness of the as-built
struts increases the elastic modulus while the bending actions introduced by the strut
waviness and the junction center displacement reduce the elastic modulus. Note that a
stretching dominated structure such as the one of this study is particularly sensitive to these
effects, likely more than a bending dominated structure.

e The fully reversed fatigue resistance appears to be more sensitive to the surface irregularities
such as the sharp notches at the strut junctions than internal porosity. As a matter of fact, we
observed that HIPing does not have a clear effect on fatigue resistance because, even if it
considerably reduces the porosity of the struts [Dallago, 2018], it does not change the
surface notches.

e FE analyses of the stress distribution at the strut junctions indicate that the as-built junctions
induce a higher stress concentration, although not as high as expected from the experimental
analyses. Most likely, fatigue strength is negatively influenced by other factors such as
tensile residual stresses, which have been measured even after stress relieving.

The comparison between the mechanical properties predicted considering the as-designed geometry
and those measured experimentally highlights the fact that the mechanical behavior of SLM cellular
is strongly influenced by the defects (notches, as-built/as-designed geometrical mismatch)
introduced by the manufacturing process. In other words, an in-depth knowledge of the
characteristics of the manufacturing process is essential to design cellular structures.
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