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ARTICLE INFO ABSTRACT

Keywords: SLM accuracy for fabricating porous materials is a noteworthy hindrance when aiming to obtain biomaterial
Selective laser melting cellular structures owing precise geometry, porosity, open-cells dimension and mechanical properties as out-
Ti6A14V

comes. This study provides a comprehensive characterization of seventeen biomaterial Ti6Al4V-based structures
in which experimental and numerical investigations (compression stress-strain tests) were carried out. Mono-
material Ti6Al4V cellular structures and multi-material Ti6Al4V-PEEK cellular structures were designed, pro-
duced by SLM and characterized targeting orthopedic implants. In this work, the differences between the CAD
design and the as-produced Ti6Al4V-based structures were obtained from image analysis and were used to
develop predictive models. The results showed that dimensional deviations inherent to SLM fabrication are
systematically found for different dimensional ranges. The present study proposes several mathematical models,
having high coefficients of determination, that estimate the real dimensions, porosity and elastic modulus of
Ti6Al4V-based cellular structures as function of the CAD model. Moreover, numerical analysis was performed to
estimate the octahedral shear strain for correlating with bone mechanostat theory limits. The developed models
can help engineers to design and obtain near-net shape SLM biomaterials matching the desired geometry, open-
cells dimensions, porosity and elastic modulus. The obtained results show that by using these AM structures
design it is possible to fabricate components exhibiting a strain and elastic modulus that complies with that of
bone, thus being suitable for orthopedic implants.

Multi-material
Predictive models
Elastic modulus

1. Introduction

Selective Laser Melting is an additive manufacturing layer-wise
process able to fabricate 3D components based on computer-aided de-
sign (CAD) data (Van Hooreweder et al., 2017; Dai et al., 2016;
Bartolomeu et al., 2017a). SLM versatility allows the fabrication of
customized and complex geometries such as metallic cellular structures
(Xu et al., 2017; Bartolomeu et al., 2017b, 2018a). Ti6Al4V cellular
structured materials are capable to exhibit multifunctionality (me-
chanical, biological, chemical, physical and other) are currently in great
demand due to their potential/benefits to be used in several orthopedic
implant applications (Bobbert et al., 2017; Wang et al., 2016).

The design of Ti6Al4V cellular structures materials (geometry and
resulting porosity) can be prepared focused on the required mechanical
properties such as strength and especially stiffness (Weifmann et al.,
2016; Bartolomeu et al., 2017c). Ideally, the design of these materials
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for implants should be made to obtain the suitable properties according
to the anatomical location and the patient, with information obtained
by tomography or magnetic resonance imaging 3D data (e.g. hip,
dental, tibia, knee) (Chen and Thouas, 2015; Yan et al., 2015; Ryan
et al., 2006; Thavornyutikarn et al., 2014).

The accuracy of Selective Laser Melting process for fabricating
porous materials is usually limited, with significant differences being
detected when comparing CAD design with the produced components
(Bagheri et al., 2017; Yan et al., 2012). In fact, dimensional and geo-
metrical divergences on porous materials are frequently detected,
especially when the minimum dimensions used are close to the tech-
nological limits (Bagheri et al., 2017; Arabnejad et al., 2016). Con-
sidering that cellular structures are designed aiming to obtain specific
geometry, porosity, open-cells dimension and mechanical properties as
outcomes, these deviations are crucial (Bagheri et al., 2017). Different
heat transfer phenomena between the area under direct laser scanning
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Fig. 1. SEM images of (a) Ti6Al4V and (b) PEEK powders.

and their surrounding powder and also the structures orientation are
pointed as possible reasons for these deviations (Bagheri et al., 2017;
Dias et al., 2014).

Ti6Al4V dense materials are still being extensively used as dental
and orthopedic materials owing to suitable mechanical properties,
corrosion resistance, relative low weight and elastic modulus and bio-
logical compatibility (Arabnejad et al., 2016; Zhang et al., 2014;
Bartolomeu et al., 2016). Nevertheless, two key aspects are still being
related to implant failure (Moura et al., 2017). The first consists on the
over-high elastic modulus of dense Ti6Al4V (=110 GPa), as compared
to that of natural bone such as cortical (10-30 GPa) and trabecular
(=2 GPa) (Wang et al., 2016; Chen et al., 2017; Fousovi et al., 2017;
Bose et al., 2018). Moreover, being a self-optimizing structure, bone
tissue is capable to adapt to external loading conditions. According to
Frost's mechanostat theory the biological response of bone depends on
the level of strain exerted (Frost, 2004). Octahedral shear strain is
pointed as the most relevant strain for the mechanostat theory and a
microstrain between 1500 and 3000 pe leads to bone mass formation
due to the physiologic demand (Piccinini et al., 2016). The current
mismatch found on Ti6Al4V dense implants induces stress shielding,
causing bone resorption and finally leading to implant failure (Geetha
et al., 2009; Holzwarth and Cotogno, 2012). The second is the modest
wear performance of Ti6Al4V material which is reported to play a
crucial role in biomedical load-bearing applications due to the in-
flammatory reactions triggered by the release of metallic ions and wear
debris (Bose et al., 2018; Bartolomeu et al., 2018b). By designing
Ti6Al4V cellular structures, it is feasible to tailor the mechanical
properties as elastic modulus and then obtain customized components
suitable for each patient/implantation region. Regarding Ti6Al4V wear
resistance, several approaches have been explored, as surface treat-
ments, coatings, composite materials, etc. Particularly, M. Buciumeanu
et al. (2018) studied the tribological behavior of Ti6Al4V-PEEK multi-
material structures and showed higher wear performance of these
structures when compared to Ti6Al4V dense materials produced by
conventional routes. These advantages can be used to substantially
improve these structures wear resistance by filling their open-cells with
PEEK. Poly-ether-ether-ketone (PEEK) is a polymeric material which
displays high wear and corrosion resistance, mainly due to its auto
lubrication effect (Koike et al., 2012). After confirming its biocompat-
ibility, PEEK has been extensively employed as biomaterials for or-
thopedic, trauma, and spinal implants (Kurtz and Devine, 2007). F.
Bartolomeu et al. (2018b) investigated the tribocorrosion performance
of multimaterial Ti6Al4V structures. It was concluded that the in-
troduction of PEEK into TiAl4V cellular structures open-cells decreases
the OCP value (lower tendency to corrosion) during sliding and in-
creases the wear resistance. Thus, a multi-material solution that gathers
Ti6Al4V and PEEK, besides being able to withstand the loads occurring
after implantation is an alternative to fully dense metals hip implants
once there are evidences that this solution enhances the wear and

tribocorrosion performance (Bartolomeu et al., 2018b; Buciumeanu
et al., 2018; Sampaio et al., 2016).

In this study, seventeen types of Ti6Al4V cellular structures were
designed and produced by SLM differing only on their unit cell di-
mensions. Additionally, seventeen types of Ti6Al4V-PEEK multi-mate-
rial structures were also fabricated. A morphological study allowed to
measure the differences between the as-design and the as-produced
specimens. This study allowed to create numerical models with ad-
justed designs for all the specimens. The numerical and the experi-
mental results were then compared. This study proposes mathematical
models capable to predict the real elastic modulus and real porosity
using as input the model CAD dimensions for a given cubic-like geo-
metry based on the differences measured between the as-design and the
as-produced specimens.

2. Experimental details
2.1. Starting materials

Ti6Al4V spherical powder purchased from SLM Solutions
(Germany), with a D90 diameter of 40 um was used to fabricated
Ti6Al4V Selective Laser Melted specimens. PEEK powder purchased
from Evonik Industries (Germany) with a D50 diameter of 50 um, was
used to produce multi-material Ti6Al4V-PEEK structures. SEM images
present in Fig. 1 show the morphology of the starting powders. Ti6Al4V
cast/forged commercial alloy from Titanium Products Ltd. (United
Kingdom) was also used for comparative purposes, representing the
commercial solution currently used in implants.

2.2. Study design

Table 1 aims to resume the fabrication, materials, geometries and
the Model CAD design details. All the fabricated specimens have a cy-
lindrical shape with an average diameter of 6 mm and 5 mm height. SP1
corresponds to Ti6Al4V cast/forged dense specimens obtained from
Ti6Al4V bar. SP2 corresponds to Ti6Al4V SLM dense specimens. SP3 to
SP19 are Ti6Al4V cellular structures (cubic-like structures) produced by
SLL and SP3-PEEK to S19-PEEK are Ti6Al4V-PEEK multi-material
structures by SLM followed by pressure assisted injection.

In this work, SLM process was used to fabricate Ti6Al4V cellular
structured specimens. Model CAD data was prepared accordingly to the
defined design presented in Table 1. The cellular structures were
modelled with quadrangular open-cells and the distance between two
consecutive open-cells was defined as “walls”. In this sense, 18 CAD
files were prepared: 1 Ti6Al4V dense specimen (SP2) and 17 Ti6Al4V
cellular structures (SP3 to SP19). As a consequence of the differences
between these structure's walls and open-cells dimensions (see Table 1),
17 different levels of porosity, from 43.2% (SP3) to 92.3% (SP19) were
designed.
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Processing technology, materials, geometries and model CAD design details for the tested specimens.

Specimen Processing Technology Materials and geometry Model CAD design details
Open-cells (um) ~ Walls (um) ~ Porosity”/PEEK” percentage

SP1 Casting/Forging Ti6Al4V Dense - - ~0
SpP2 SLM - - ~0
Sp3* SP3-PEEK" SLM?* Ti6Al4V cellular structures” 350 400 43.2
Sp4* SP4-PEEK” SLM and Pressure assisted injection”  Ti6Al4V-PEEK multi-material cellular structures” 400 400 46.3
SP5"  SP5-PEEK” 350 350 49.9
SP6"  SP6-PEEK” 400 350 52.9
SP7"  SP7-PEEK" 350 300 53.6
SP8"  SP8-PEEK” 450 350 55.9
SP9°  SP9-PEEK” 400 300 58.2
SP10"  SP10-PEEK” 500 400 58.9
SP11*  SP11-PEEK" 500 350 61.7
SP12"  SP12-PEEK" 450 300 62.5
SP13"  SP13-PEEK’ 500 300 65.2
SP14*  SP14-PEEK" 600 350 66.7
SP15"  SP15-PEEK” 600 300 71.8
SP16"  SP16-PEEK” 500 150 83.3
SP17*  SP17-PEEK" 600 150 87.0
SP18"  SP18-PEEK" 500 100 90.7
SP19*  SP19-PEEK" 600 100 92.3

2 For Ti6Al4V structures made by SLM.

> For Ti6Al4V-PEEK structures made by SLM followed by Pressure Assisted Injection.

2.3. Fabrication details

Fig. 2 aims to illustrate the processing route of SLM technique.
Firstly, 3D CAD SolidWorks software was used for modeling all the SLM
specimens investigated in this study. Materialise Magics software tools
were used to generate the supports of the specimens which, in this case,
correspond to the first 2mm of production and are particularly im-
portant to assure a suitable heat flow. Then, .stl files (contemplating
supports and specimen) are incorporated into SLM Autofab software,
capable to implement a numerical slicing of the supports and specimens
defining each layer for fabrication. After assuring all the preparation
protocols according to SLM Solutions specifications, the fabrication
occurs until the last layer is reached.

F. Bartolomeu et al. (Bartolomeu et al., 2016) reported a processing
parameters optimization study regarding Ti6Al4V materials produced
using the same SLM equipment. The processing parameters that were
used in this study were defined based on the abovementioned
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investigation where the most effective parameters were obtained. In
this sense, the processing parameters used to fabricate the Ti6Al4V
specimens of the present study were as follows: 90W of laser power,
600 mm/s of scan speed, 80 um of scan spacing (distance between two
consecutive laser scans) and 30um of layer thickness. Using the
Ti6Al4V cellular structures previously produced by SLM, Ti6Al4V-PEEK
specimens were produced by means of pressure assisted injection. PEEK
was forced to fill the cellular structures open-cells by applying pressure
and temperature simultaneously. As shown in Fig. 3, after placing
Ti6Al4V cellular specimens in a steel mold, PEEK powder is introduced.
A top punch is then inserted in the mold and the all system is positioned
in a chamber with a controlled atmosphere (vacuum of 10%mbar) and a
residual pressure was applied to accommodate PEEK powder. Induction
was used to heat the system using a heating rate around 80 °C/min until
reaching 380 °C (approximately 35 °C above PEEK melting point). This
temperature is controlled using a thermocouple type Z placed in the
mold very close to the specimen. The induction is then stopped until the
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al component
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/

Fig. 2. Schematic representation of SLM technique from CAD data to final component.
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Fig. 3. Pressure assisted injection procedure details for Ti6Al4V-PEEK fabrication.

temperature decreases until 300 °C and in that moment a pressure of
25 MPa is applied during 5s. This pressure forces PEEK to fill the open-
cells. Induction heating is turned on again and this cycle is repeated to
assure a complete filling. Finally, after reaching a manageable tem-
perature the Ti6Al4V-PEEK multi-material structures are removed from
the mold.

2.4. Mechanical testing

In order to obtain the elasticity modulus of the Ti6Al4V and
Ti6Al4V-PEEK multi-material structures, compression tests were per-
formed. For each condition, at least three tests were performed in three
different specimens. The compression tests were made by using a uni-
versal servo hydraulic testing equipment (Instron 8874, USA) at room
temperature according to ISO 13314 standard. The load gauge of the
equipment was used for the load signal acquisition. The compression
tests were performed with a crosshead speed of 0.005mm/s and the
strain signal was obtained using a dynamic extensometer from Instron
(model 2620-601) which was designed according to ISO 9513 standard.
Fig. 4 shows typical stress-strain curves for four Ti6Al4V cellular
structures and also for dense Ti6Al4V. These curves show the linear
elastic regimes under compression for different levels of porosity being
similar to the behavior reported elsewhere (Stamp et al., 2009; Ashby,
2006).

2.5. Numerical analysis: geometrical model, boundary conditions and mesh
grid

Finite element analysis software COMSOL Multiphysics was used to

stress, o

strain, £

Fig. 4. Typical stress-strain curves obtained for four Ti6AI4V structures tested
and for dense Ti6Al4V.

simulate compression stress-strain tests. Mono-material Ti6Al4V cel-
lular structures and Ti6Al4V-PEEK multi-material structures models
were used. A structural mechanical module was set for the mechanics
simulation for different cellular structures. Hooke's law for linear
elasticity was used.

The mono-material Ti6Al4V structures were modelled as a linear
elastic material (Ti6Al4V) with an elastic modulus of 110 GPa, a
Poisson's ratio of 0.34 and density of 4500 kg/m*® (Chen and Thouas,
2015; Rotta and Seramak, 2015). The multi-material Ti6Al4V-PEEK
structures were modelled, also, as a linear elastic material considering
an elastic modulus of 3.76 GPa, a Poisson's ratio of 0.38 and a density of
1300 kg/m?® as PEEK properties (Garcia-Gonzalez et al., 2015). A load
force (F) was applied on the nodes of the upper surface of the model.
The effective elastic modulus (E;) was calculated using the following
equation:

£
Ao

E = &

AL (@)

where F is the load force, Ayis the initial area of the scaffold, and the
AL

L

Fig. 5 shows thg numerical analysis details and intents to highlight
the geometrical model, the boundary conditions and the mesh grid
conditions defined in the study.

Tetrahedral elements were used as the mesh element types for all
the numerical models. The number of elements and the DOF’S (degrees
of freedom) was varying from simulation to simulation. However, in all
simulations the same rational was used to generate the mesh. Two
parameters were created, h, (starting element size) and hy (element size
divider), and the maximum element size was expressed in terms of hy/
hgq and the minimum element size in (ho/hg) X 0.25. Mesh converge
analysis was carried out for all the numerical analysis through a para-
metric study where hy was varying aiming to assure the convergence of
the numerical simulation. A quarter of the total cellular structures
specimens was used to simplify the model and reduce the consequent
time consumption, whilst decreasing the degrees of freedom. In this
sense, the blue faces depicted in Fig. 5 represent the symmetry planes of
the cellular structures. In this faces the displacement were constrained
(equaling zero) in the normal direction to them.

axial strain, € =

2.6. Morphological analysis

Scanning Electron Microscopy (FEI Nova 200) was used to obtained
SEM images for all the Ti6Al4V cellular structures and Ti6Al4V-PEEK
multi-material structures, acquiring isometrical, top and cross-sections
views of these structures, as seen in Figs. 6-9.

The quantitative morphological analysis performed in this study
considered 2D surface images (top views of the SLM structures) as input
data, once these were considered representative of the general bulk of
the structure. Adobe Photoshop software was used to perform the
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Fig. 5. Numerical analysis details of the COMSOL Multiphysics compression stress-strain tests.

Fig. 6. Methodology adopted to perform the measurements of the open-cells
and the walls dimensions.

morphological analysis using these SEM images, systematically mea-
suring the open-cells and the walls (distance between two consecutive
open-cells) dimensions (see Fig. 6). The dimension of the open-cells (d

108

and h) and walls (W) were obtained, as exemplified in Fig. 6. For ob-
taining the average dimensions, three different images from three dif-
ferent specimens were analyzed for each condition (SP3 to SP19). To
sum, for each condition, a total of 60 measurements were made, namely
on 30 open-cells and 30 walls.

In respect to the open-cell, the parameters D;, and D, were mea-
sured as the inner and the outer dimensions (Fig. 6). Using the same
rational, W;, and W, were also measured as the distance between two
consecutive Dy, and D, respectively. For each measurement, the
parameter D was calculated as the average between D;, and Dy,. The
parameter W was calculated as the average between W, and Woy,.

After understanding that the differences between the Model CAD
and the SLM produced structures are non-negligible, new CAD designs
(hereafter named adjusted CAD designs) were created aiming to re-
produce the real dimensions and geometries of the produced structures.
Fig. 7 presents the method used in this study, showing that some of the
open-cells of these structures were better approximated by circumfer-
ences (from specimen SP3 till SP13) while others were better approxi-
mated by squares with filleted vertices (SP14 to SP19).

This morphological analysis was judiciously made for having a re-
producible method, and for allowing to detect unusual micro-details as
micro-defects, that are outliers that must be disregarded.

3. Results and discussion
3.1. Characterization prior to the mechanical testing

In this study, SLM technique was used to produce a variety of
Ti6Al4V cellular structures with different levels of porosity. Fig. 8 de-
picts SEM images of SP3, SP10 and SP19 specimens. Specimens SP3 and
SP19 correspond to the outmost specimens in terms of model CAD
porosity. SP3 has the lowest porosity (43.2%) having open-cells of
350 um and walls of 400 um. On the other hand, SP19 has the highest
porosity (92.3%) with open-cells of 600 um and walls of 100 um SP10
was also analyzed, having a CAD porosity of 58.9% and 500 and
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SP19

Fig. 7. Comparison between the Model CAD, the produced structures and the Adjusted CAD.

400 um open-cells and walls respectively.

Fig. 9 depicts SEM images of SP3-PEEK, SP10-PEEK and SP19-PEEK
multi-material structures. Regarding these specimens, the porosity of
SP3, SP10 and SP19 now corresponds to the percentage of PEEK inside
the Ti6Al4V-PEEK multi-material structures. When observing the cross-
section views depicted in Fig. 9, the presence of PEEK is noticed
through all the open-cells. SP3 is the multi-material structure with the
lower porosity and then the most difficult specimen's group to introduce
PEEK. Even considering the smallest open-cell (232um =+ 11), Fig. 9
confirms the efficiency of press assisted injection methodology to in-
troduce PEEK into the Ti6Al4V cellular structures.

By analyzing the SEM images of all the produced specimens, it was
possible to measure the dimensions of the open-cells and walls, for all
the specimens, as displayed in Table 2. For all the structures, the di-
mension of the open-cells is, on average, 112 um * 8 um lower com-
pared to the model CAD dimension. On the contrary, it was found that
the dimension of the walls, for all the structures, is 100 = 11 ym
higher than the model CAD design. As a consequence of these

Isometric view Top view

deviations, a lower porosity of the produced specimens is found when
compared to the as-designed (Model CAD) for all the groups.

After obtaining the above-mentioned deviations between the model
CAD design and the produced specimens, an adjusted CAD was mod-
elled considering the geometry simplifications explained in section 2.5.
Fig. 10 shows some representative examples (SP3, SP11, SP18 and
SP19) regarding the differences between the model CAD, the produced
specimens and the adjusted CAD.

The porosity of the as-designed (Model CAD), the experimentally
obtained porosity and the porosity of the adjusted CAD for the all the
studied structures (from SP3 to SP19) can be found in Fig. 11. The
average difference between the experimental porosity and the adjusted
CAD was — 1%, allowing to understand that the adopted methodology
to modulate the adjusted CAD was efficient.

SLM structures are constructs built layer by layer where in each
powder bed the laser will describe a given path and, in this way, define
the material areas (in this study named walls), as opposed to the open-
cells areas, where the laser was not melting the powder. Some of the

Cross-section view

SP10

SP19

1mm

Fig. 8. SEM images of SP3, SP11 and SP19 Ti6Al4V cellular structures.
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Cross-section view

SP3-PEEK

SP10-PEEK

SP19-PEEK

Fig. 9. SEM images of SP3-PEEK, SP11-PEEK and SP19-PEEK multi-material structures.

powder in the vicinity of the laser melted areas, partially melts, con-
tributing to increase the dimensions of the walls and to reduce the
open-cells size, when compared to the model CAD. The powder size
distribution has a crucial role in this phenomenon, contributing sig-
nificantly to the detected dimensional and geometrical divergences.
Another aspect that is accountable for these differences is inherent to
this technology, due to the heat transfer that occurs from the melt pool
to the vicinity powder, that is, by this effect, enlarged by melting an
additional amount of powders.

In fact, similar deviations between CAD design and SLM produced
structures have been reported elsewhere even when using different
equipment's and different processing parameters (Yan et al., 2015;
Arabnejad et al., 2016; Zhang et al., 2014; Ran et al., 2018; Attar et al.,
2015). As an example, Q. Ran et al. (2018) studied 3D printed porous
Ti6A14V implants having open-cells with 500, 700 and 900 um of dia-
meter (CAD dimensions). In their study, the pore sizes of three types of
specimens were consistently lower than the ones of design specifica-
tions, having open-cells with 401, 607 and 801 pum of diameter,

Table 2

respectively. These authors reported that these deviations can be ex-
plained due to the difference in heat transport between powder and
solid material resulting in powder sticking to the surface (Ran et al.,
2018).

3.2. Mechanical characterization

3.2.1. Numerical analysis procedure

Mesh convergence analysis were performed for all the structures,
aiming to obtain efficient numerical simulations with a number of finite
elements correct to avoid singularities on the numerical model and also
adequate to avoid needless computational time. Fig. 12 shows some
details of an exemplificative numerical analysis (COMSOL Multi-
physics) for SP16 and SP16-PEEK structures.

Fig. 12 depicts the Von Mises Stress and displacement distributions
for SP16 and SP16-PEEK structures. By analyzing the Von-Mises stress
plots, there is a clear indication of normally distributed stresses along
the height of the specimen. As expected, the walls intersections,

Comparison between the Model CAD details and the produced structures measurements.

Specimen Model CAD details Produced structures measurements

Open-cells (um) Walls (um) Porosity®/PEEK"” percentage Open-cells (um) Walls (um) Porosity”/PEEK” percentage
SP1 - - ~0 - - ~0
SP2
SP3* SP3-PEEK"” 350 400 43.2 232 = 11 510 = 9 19.9 + 0.14
Sp4* SP4-PEEK"” 400 400 46.3 281 = 10 509 = 10 23.3 = 0.73
SP5° SP5-PEEK"” 350 350 49.9 242 + 12 448 + 12 24.0 = 0.36
SP6” SP6-PEEK” 400 350 52.9 285 = 8 453 = 11 25.4 = 0.24
Sp7* SP7-PEEK" 350 300 53.6 235 + 6 400 = 11 25.1 = 0.40
Sp8* SP8-PEEK"” 450 350 55.9 336 + 12 454 = 11 32.4 = 0.01
SP9* SP9-PEEK"” 400 300 58.2 293 = 9 400 = 11 30.9 = 0.59
SP10* SP10-PEEK” 500 400 58.9 388 + 10 492 = 8 33.8 = 0.46
SP11° SP11-PEEK” 500 350 61.7 382 = 11 453 = 11 379 = 0.44
SP12* SP12-PEEK” 450 300 62.5 331 = 10 414 = 11 36.9 = 0.38
Sp13* SP13-PEEK” 500 300 65.2 387 = 10 393 = 11 40.7 = 0.18
SP14* SP14-PEEK” 600 350 66.7 492 + 10 464 = 9 56.5 = 0.05
SP15° SP15-PEEK” 600 300 71.8 490 = 9 400 = 13 62.0 = 0.55
SP16" SP16-PEEK” 500 150 83.3 393 = 6 234 = 4 68.0 = 0.44
SP17¢ SP17-PEEK” 600 150 87.0 497 + 4 240 + 13 73.3 = 0.72
Sp18* SP18-PEEK” 500 100 90.7 398 = 6 187 = 12 70.5 = 0.25
SP19* SP19-PEEK” 600 100 92.3 497 + 14 180 = 10 78.3 = 0.01

2 For Ti6bAl4V structures made by SLM.

b For Ti6Al4V-PEEK structures made by SLM followed by Pressure Assisted Injection.
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Fig. 10. Model CAD, top view SEM images of the produced specimens and
adjusted CAD.

100 +

Porosity (%)
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mModel CAD D Experimental results 8 Adjusted CAD

Fig. 11. Porosity values regarding Model CAD, Experimental results (mean
values *+ standard deviation) and Adjusted CAD.

geometrical discontinuities, exhibit a high stress concentration, dis-
playing the highest stress magnitude. The displacement plots show a
homogenous and coherent distribution, indicating no singularities on
the model. The numerical stress-strain results exhibited a good agree-
ment when compared to the experimental results.

3.2.2. Experimental and numerical analysis comparison

Fig. 13 shows the relation between the porosity (%) and the elastic
modulus (GPa) for the seventeen Ti6Al4V mono-material cellular
structures (SP3 to SP19), either regarding the numerical results (model
CAD and also adjusted CAD), either regarding the experimental results
obtained by performing compression tests.

When analyzing Fig. 13, it can be seen that power law correlations
were found between the porosity and the elastic modulus, all of them
having a good fitting (Model CAD R? = 0.9141; Experimental results
R? = 0.9356; Adjusted CAD R? = 0.9450). The geometrical and di-
mensional divergences found between the Model CAD and the produced
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specimens (Table 2) lead to substantial differences on the porosity and
on the elastic modulus for all the Ti6Al4V cellular structures (SP3 to
SP19).

For the three correlations found in Fig. 13, as expected, lower
porosity led to higher values of elastic modulus. Moreover, by com-
paring the linear functions for the experimental results and for the
adjusted CAD numerical a good superposition was found, validating the
numerical procedure for the adjusted CAD modulation used in this
study.

Fig. 14 shows the correlation between the porosity (%) and the
elastic modulus (GPa) for all the Ti6Al4V-PEEK multi-material cellular
structures (SP3-PEEK to SP19-PEEK). The power law tendencies for the
relations between the porosity and the elastic modulus show a good fit,
with R-squared of 0.9473 and 0.9577 for the experimental results and
for the adjusted CAD numerical results, respectively. A good super-
position was found between the power functions for the experimental
results and for the adjusted CAD numerical.

Fig. 15 gathers the results obtained for mono-material Ti6Al4V
structures and multi-material Ti6Al4V-PEEK structures and also for the
dense specimens (SP1 and SP2), either numerical or experimental.

When analyzing Fig. 15, some aspects can be highlighted. The
elastic modulus of the experimental results is on average 148% higher
when compared to the model CAD numerical results. This significant
difference is related to the above-mentioned dimensional differences
between the CAD design and the as-produced specimens. These differ-
ences, as seen in Fig. 11, substantially influence the porosity obtained
on the produced specimens, leading to higher elastic modulus. Parti-
cularly, SP16, SP17, SP18 and SP19 exhibit the highest relative dif-
ferences on the elastic modulus between the experimental and the nu-
merical (Model CAD) results, with 197, 181, 244 and 229% higher
elastic modulus, respectively. In fact, all the produced specimens ex-
hibit lower open-cells sizes (lowering around 112 um) and higher wall
sizes (increasing around 100 pm), however these dimensional dissim-
ilarities had a higher percent effect on the elastic modulus of SP16,
SP17, SP18 and SP19 specimens, once these specimen's CAD walls sizes
were the minimum values (100 and 150 um) obtained. All the multi-
material Ti6Al4V- PEEK cellular structures exhibit a higher elastic
modulus when compared to the corresponding mono-material Ti6A14V
cellular structure. When analyzing the effect of the introduction of
PEEK into the open-cells, i.e., when comparing the experimental results
of the mono-material and the multi-material specimens an average in-
crease of 4.82 GPa on the elastic modulus was found.

As reported by F. Melo-Fonseca et al. (2018), Ti6Al4V-based cellular
structures can be used on implants, such as, hip prosthesis. As pre-
viously referred, these structures can be designed to have a specific
elastic modulus that suits each patient bone properties that can be
obtained by tomography or magnetic resonance imaging 3D data (Chen
and Thouas, 2015; Yan et al., 2015; Ryan et al., 2006; Thavornyutikarn
et al., 2014). In this regard, Fig. 15 highlights (yellow area) the suitable
specimens that owe an elastic modulus similar to that of natural cortical
bone (=20 GPa) (Wang et al., 2016; Chen et al., 2017; Fousova et al.,
2017; Bose et al., 2018), that allow reducing stress shielding and bone
resorption (Geetha et al., 2009; Holzwarth and Cotogno, 2012; Dallago
et al., 2018).

In fact, by using SLM technique, customized Ti6Al4V cellular im-
plants can be fabricated to exhibit a required mechanical behavior/
compromise between implant material and bone. Moreover, it is well
known that living bone tissue is a self-optimizing structure that adapts
to external loading conditions. According to Frost's mechanostat theory,
its biological response depends on the level of strain exerted (Frost,
2004). Piccinini et al. (2016) identified the octahedral shear strain as
the most relevant strain for the mechanostat theory, as follows:

Eoct = % X \/(51 -+ (@—-8)P’+(s—g)? o)

in which g; corresponds to the ith principal value of the continuum
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Fig. 12. Mesh and distribution of Von Mises Stress and displacement for SP16 and SP16-PEEK.

strain tensor €.
The mechanostat theory defines five main ranges of strain:

e Below 1000 pe - disuse bone atrophy (stress shielding)

® Between 1000 and 1500 pe - bone homoeostasis is maintained
(adapted state)

® Between 1500 and 3000 pe) — bone modeling takes place, increasing
the bone mass due to the physiologic demand (physiological over-
load)

® Above 3000 pe - bone damage and absorption (pathologic overload)

e Higher than 25,000 pe - bone fracture upon reaching the bone ul-
timate strength

The compression tests results showed that mono-material Ti6Al4V
SP16 structure displays an elastic modulus close to that of cortical bone

(18.4GPa - experimental result and 19.1 GPa - numerical result).
Besides the elastic modulus, the octahedral shear strain is an important
aspect that defines the bone-implant suitable transference of stress. In
this sense, SP16 structure adjusted CAD was used to estimate the oc-
tahedral shear strain for different ranges of stress. Mechanostat theory
does not consider fluid flow which is a very important parameter. In
this sense, the numerical study here presented can only be considered
for static cases. Fig. 16 shows the octahedral shear strain distribution of
mono-material Ti6Al4V SP16 for different loading conditions. Load
values of 95, 345, 655 and 905N, corresponding to compression stresses
of 14, 49, 93 and 128 MPa respectively, were used on the analysis.
These loading values were selected based on literature considering the
loading range reported for single-led stance, walking, running and
jumping, respectively (Tomar, 2009; Shah et al., 2012; Bayraktar et al.,
2004; Trabelsi et al., 2011; Mughal et al., 2015).
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Fig. 13. Relation between the porosity and the elastic modulus for the Ti6Al4V mono-material cellular structures.
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Fig. 16 exemplifies the four types of loading conditions mentioned
above, with the intent of assessing the adequacy of a hip implant owing
SP16 structure, regarding their elastic behavior (strain) compliance
with natural bone. Fig. 16 shows that for a compression stress of
14 MPa a maximum shear strain of 2040 was obtained, corresponding
to simple standing. For an applied stress of 49 MPa (walking regime), a
significant area of the structure displays a microstrain varying from
1500 to 3000, being this within the physiological overload (that leads
to increase bone mass). For this stress level, corresponding to walking
activity, the mechanostat theory indicates that this structure exhibits a
shear strain that can promote bone modeling. In this sense, for this
stress level, besides a suitable elastic modulus, SP16 exhibits a suitable
shear strain, indicating that this structure can be used to obtain an ef-
fective implant-bone stress transference and in this way reducing stress
shielding. For a compression stress of 93 and 128 MPa, maximum mi-
crostrains higher than 10,000 are obtained. In fact, a maximum value of
20,000 microstrain was obtained for 128 MPa. According to the me-
chanostat theory these values are in the range of pathologic overload
and can lead to bone damage or even fracture. For an applied stress of
this amplitude, an implant having this structure would potentially lead
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to the bone damage (considering bone yield strength (=120 MPa)
(Bayraktar et al., 2004)) or even fracture.

Considering the large diversity of implants, there may be implants
or even zones of an implant that have different requirements, however,
they require similar elastic properties. While in some areas the re-
sistance to wear is of particular importance, in other areas, the presence
of open-cells which allow bone ingrowth can be desired for improved
anchorage and implant success. The multi-material structures can be
suitable for the first scenario (SP19-PEEK for instance) and mono-ma-
terial Ti6Al4V for the second circumstance being able to respond to
different requirements existing in different areas of the implant. As an
example, SP16 can be pointed as a suitable structure to apply in implant
materials once display an elastic modulus close to cortical bone and also
displays octahedral shear microstrain in the mechanostat range that can
promote bone modeling.

3.3. Predictive models for the dimensions, the porosity and the elastic
modulus

In this study, cubic-like Ti6Al4V cellular structures were produced
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Fig. 16. SP16 structure octahedral shear strains distribution for different loading conditions.

using a SLM 125HL commercial equipment. As mentioned before, the
Ti6Al4V cellular structures were modelled with quadrangular open-
cells and the distance between two consecutive open-cells being defined
as walls. Figs. 17 and 18 show the correlations between the CAD por-
osity and the measured porosity and also the correlation between the
open-cell and wall sizes when comparing the CAD design and the
produced Ti6Al4V cellular structures measurements.
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As depicted in Figs. 17 and 18, correlation models having R? of
0.9462 for the porosity, 0.9973 for the open-cell size and 0.9965 for the
wall sizes were obtained. The determined liner correlations exhibit high
coefficients of determination indicating that the observed differences
occurring between the CAD design and the produced specimens have a
constant trend.

These aspects show that these dimensional deviations are in fact
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Fig. 18. Correlation models to predict the real dimensions of cubic-like Ti6Al4V cellular structures as function of the model CAD design.

inherent to SLM fabrication, being found for different dimensional
ranges, but above all empowers the need and the importance of de-
veloping predictive tools that can be used by engineers to design and
obtain near-net shape Ti6Al4V cubic-like specimens matching the
physical and mechanical requirements. In this sense, for the mono-
material Ti6Al4V cellular structures, it was obtained a mathematical
relationship between the elastic modulus and the CAD design open-cell
and wall size. Equation (3) (R? = 0.9893) presents the experimental
elastic modulus as a function of the open-cell and wall sizes (CAD de-
sign) follows:

Emono—material = 42.9965 — 0.1847 x+ 0.4751 y+ 1.8181 x 10~#x?

—5.9294 X 1073xy — 6.6636 X 107> y? 3)

where x is the open-cell size (um) and y corresponds to wall size (um) of
the CAD design.

When regarding the multi-material Ti6Al4V-PEEK cubic-like struc-
tures results, the ensuing linear, equation (4) (R? = 0.9925), estimates

the experimental elastic modulus as a function of the open-cell and wall
sizes (CAD design) for the multi-material Ti6Al4V-PEEK cellular
structures, as follows:

Emulti—material = 39.7205 — 0.1217 x+ 0.4415 y+ 9.4232 X 107°x?

— 5.1581 x 10~*xy — 8.6838 x 1075 y? “4)

The present study aims to be a useful tool to predict the dissim-
ilarities, typically detected on cubic-like Ti6Al4V structures produced
by SLM, when compared to the model CAD design but especially help
the engineer to design and fabricate structures that present small de-
viations to the intended elastic modulus. By predicting these dimen-
sional and geometrical dissimilarities it is possible to design a custo-
mized implant that exhibits a required/desired porosity and mechanical
behavior. For instance, a hip implant can be designed having regions
with open-cells for bone ingrowth combined with PEEK-filled cells,
both of them placed in specific locations throughout the implant,
suiting specific local requirements.
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