journal of the mechanical behavior of biomedical materials 110 (2020) 103891

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

journal homepage: http://www.elsevier.com/locate/jmbbm

ELSEVIER

Check for

Engineering the elastic modulus of NiTi cellular structures fabricated by e
selective laser melting

F. Bartolomeu® , M.M. Costa®, N. Alves®, G. Miranda?, F.S. Silva®

2 Center for MicroElectroMechanical Systems (CMEMS-UMinho), University of Minho, Campus de Azurém, 4800-058, Guimardaes, Portugal
b Centre for Rapid and Sustainable Product Development Polytechnic Institute of Leiria, Rua General Norton de Matos, Apartado 4133, 2411-901, Leiria, Portugal

ARTICLE INFO ABSTRACT

Keywords: Nickel-titanium (NiTi) cellular structures are a very promising solution to some issues related to orthopaedic

NiTi implant failure. These structures can be designed and fabricated to simultaneously address a combination of

Power bed fusion mechanical and physical properties, such as elastic modulus, porosity, wear and corrosion resistance, biocom-

Selective laser melting s . . . . . i1 . .

Cellular structures patibility and appropriate biological environment. This ability can enhance the modest interaction currently

Elastic modulus existing between metallic dense implants and surrounding bone tissue, allowing long-term successful ortho-
paedic implants. For that purpose, NiTi cellular structures with different levels of porosity intended to reduce the
elastic modulus were designed, modelled, selective laser melting (SLM) fabricated and characterized. Significant
differences were found between the CAD design and the SLM-produced NiTi structures by performing systematic
image analysis. This work proposes designing guidelines to anticipate and correct the systematic differences
between CAD and produced structures. Compressive tests were carried out to estimate the elastic modulus of the
produced structures and finite element analyses were performed, for comparison purposes. Linear correlations
were found for the dimensions, porosity, and elastic modulus when comparing the CAD design with the SLM
structures. The produced NiTi structures exhibit elastic moduli that match that of bone tissue, which is a good

indication of the potential of these structures in orthopaedic implants.

1. Introduction

The fabrication of biomedical porous materials for orthopaedic im-
plants is in great demand due to their capability to simultaneously
provide adequate mechanical properties (e.g. stiffness) and a suitable
biological environment for cell seeding (Wang et al., 2016; Van Hoor-
eweder et al., 2017). Moreover, by using 3D data from tomography, each
patient’s anatomy can be considered to design structured implants
suited to the host bone (Chen and Thouas, 2015; Yan et al., 2015; Ryan
et al., 2006; Thavornyutikarn et al., 2014). The desired porosity and
elastic modulus (physical and mechanical properties) and the outcome
biological properties can be obtained by selecting adequate biomaterials
and by controlling the architecture of the porous structures, such as pore
size; wall thickness; and the shape, interconnection, and volume fraction
of the pores (Van Bael et al., 2012).

Ti6Al4V alloy has been the main choice for dental and orthopaedic
implants due to its mechanical strength, corrosion resistance and bio-
logical compatibility (Zhang et al., 2014; Bartolomeu et al., 2016; Ara-
bnejad et al., 2016; Moura et al., 2019; Toptan et al., 2019). However,
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these implants do fail and bone resorption around the implant habitually
occurs. Typically, 10-15 years after total hip arthroplasty, critical bone
resorption leads to the need for revision surgeries (Holzwarth and
Cotogno, 2012; Bartolomeu et al., 2018a). Implant failure is mostly
correlated to three aspects, the high elastic modulus (=110 GPa)
compared to cortical bone tissue (10-30 GPa) (Bartolomeu et al., 2018b;
Rahimizadeh et al., 2018), the poor wear resistance of this alloy (Bose
et al.,, 2018; Bartolomeu et al.,, 2019a; Moura et al.,, 2017) and
non-uniform contact between the implant and the nearby cortical bone,
leading to deficient stress transmission/distribution, causing bone
resorption.

Nickel-titanium (NiTi) alloy has been widely used in the robotics,
electrical, civil, automotive, aerospace and medical industries due to
this alloy’s multifunctional properties (Hamilton et al., 2017). Usually
referred as the workhorse of shape memory alloys, NiTi’s properties
such as shape memory effect (SME); superelasticity; large recovery
strain; high strength; fatigue, wear and corrosion resistance; and
biocompatibility make this alloy appealing for many engineering ap-
plications (Zhou et al., 2019; Speirs et al., 2017; Dadbakhsh et al., 2015).

Received 3 March 2020; Received in revised form 17 May 2020; Accepted 25 May 2020

Available online 8 July 2020
1751-6161/© 2020 Elsevier Ltd. All rights reserved.


mailto:flaviojorgebartolomeu@gmail.com
www.sciencedirect.com/science/journal/17516161
https://http://www.elsevier.com/locate/jmbbm
https://doi.org/10.1016/j.jmbbm.2020.103891
https://doi.org/10.1016/j.jmbbm.2020.103891
https://doi.org/10.1016/j.jmbbm.2020.103891
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2020.103891&domain=pdf

F. Bartolomeu et al.

Fig. 1. SEM image of NiTi powder.

NiTi cellular structures can be used to improve some implant failure
related issues. First, NiTi’s higher wear resistance compared to Ti6Al4V
(Elahinia et al., 2012) can help reduce the release of wear debris that is
extremely detrimental to biological tissues. Second, the well-organized
NiTi cellular structure can lower the elastic modulus mismatch be-
tween the implant and bone (Bose et al., 2018; Chen et al., 2017;
Fousova et al., 2017; Capek et al., 2016; Zhang and Wei, 2019). As an
example, Andani et al. (Taheri et al., 2017) used selective laser melting
(SLM) to produce NiTi lattice structures with different levels of porosity
showing elastic modulus close to that of cortical bone. Finally, NiTi
cellular structures can be designed to be an integrating part of an active
implant, capable of promoting uniform contact between implant and
bone by using SME.

Manufacturing NiTi alloys via conventional processing techniques is
rather challenging mainly due to NiTi’s high work hardening, toughness
and ductility (Behavior and Melting, 1109). Machining causes severe
tool wear and conventional high-temperature methods, such as casting,
can result in increasing impurity (Oxygen, Carbon, Nitrogen) contents,
consequently hindering the functional properties of NiTi, like SME
(Elahinia et al., 2012). Moreover, traditional processing routes do not
allow the production of engineered/structured materials. Additive
manufacturing processes like SLM are very appealing since, by being a
layer-by-layer technique, they are capable of fabricating complex
structures based on CAD data (Bartolomeu et al., 2018a, 2019a;
Buciumeanu et al., 2018). As a powder bed fusion technique, SLM’s high
design freedom allows the fabrication of complex and customized
cellular structures that can potentiate innovative solutions for ortho-
paedic implants (Bartolomeu et al., 2019a).

SLM’s capability of fabricating structured materials, especially hav-
ing thin-walled features (Miranda et al., 2019), is limited once signifi-
cant differences (dimensional and geometrical (Bartolomeu et al.,
2019b)) are persistently found between CAD data and the manufactured
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SLM cellular structures (Yan et al., 2015; Zhang et al., 2014; Arabnejad
etal., 2016; Ran et al., 2018; Attar et al., 2015; Bartolomeu et al., 2020).
Considering that these structures are designed to match specific phys-
ical, mechanical and biological properties, these deviations can be
critical. In this work, six different NiTi cellular structures were designed,
SLM fabricated and characterized. Morphological, physical, chemical,
microstructural, thermal and mechanical analyses were performed on
these structures. Finite element analysis (FEA) and experimental results
were also used to propose engineering tools to anticipate SLM pro-
duction’s inherent deviations.

2. Materials and methods
2.1. Materials and SLM fabrication details

A Nisg gTigg 2 ingot (at.%) obtained from SAES Smart Materials
(USA) was atomized to powder by TLS Technique GmbH (Germany)
using the electrode induction-melting gas atomization (EIGA) tech-
nique. Fig. 1 depicts the morphology of the powder (D10 of 34.64 pm,
D50 of 47.5 pm and D90 of 62.94 yum) used to fabricate the NiTi
structures.

Few groups around the world have been capable of producing high-
quality NiTi parts by SLM, mainly due to the challenges that this alloy
presents. In fact, for NiTi SLM fabrication, several aspects must be
controlled, such as NiTi powder quality and suitable SLM processing
parameters, to obtain parts mainly composed of an NiTi phase that
presents a low level of defects.

In this study, NiTi structures were produced using a 125HL SLM
Solutions equipment with a 400 W Yb-fiber laser having an 87 pm
diameter. An argon atmosphere was provided during fabrication and the
specimens grow up in a platform at 200 °C. A 90 W laser power, 600
mm/s scan speed, 90 pm scan spacing and 30 pm layer thickness were
used as the laser parameters. A 55.6 J/mm? input energy was employed
using this set of parameters. This energy is completely aligned with that
used in studies found in the literature regarding NiTi SLM fabrication
(Hamilton et al., 2017; Elahinia et al., 2012; Taheri et al., 2017; Jaha-
dakbar et al.; Yang et al., 2019; Liu and Shin, 2019).

2.2. Study design

In this study, NiTi cellular structures were designed, fabricated and
characterized, targeting the fabrication of orthopaedic implants. In this
sense, several design aspects should be considered to lower the elastic
modulus to values close to that of bone. Open-cell and wall sizes, open-
cell architecture and orientation, and open-cell interconnectivity are
some of these parameters. Cubic-like NiTi structures were modelled with
porosities greater than 50%, wall sizes greater than or equal to 100 pm
(since the laser spot of the equipment is 87 pm) and open-cell sizes, 500
and 600 pm (Arabnejad et al., 2016; Karageorgiou and Kaplan, 2005;
Kumar et al., 2016), suitable for bone ingrowth. Table 1 shows the CAD
model design details, including the open-cell and wall sizes and the
porosity.

Table 1

Model CAD design details.
Structure SP1 SP2 SP3 SP4 SP5 SP6
Open-cell (pm) 500 600 500 600
Wall (pm) 300 300 100 100
Porosity (%) 90.7 92.3

Mode CAD design
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Fig. 2. Methodology adopted to perform the measurements of the open-cell
and wall dimensions.

2.3. Morphological analysis and porosity measurements

Scanning electron microscopy (SEM, FEI Nova 200) was carried out
to obtain SEM images for all the NiTi cellular structures, acquiring iso-
metric and top views of these structures, as seen in Figs. 4 and 5. Energy-
dispersive X-ray spectroscopy (EDS) analyses were also performed on
the SLM NiTi structures.

A quantitative morphological study was also performed by system-
atically measuring the open-cell and wall (distance between two
consecutive open-cells) dimensions. Surface images of the produced
specimens were used as input data and Adobe Photoshop was used to
perform this analysis. Fig. 2 shows the methodology used to obtain the
open-cell (H) and wall (W) dimensions. For each group (SP1 to SP6), the
average dimensions were obtained from a total of 60 measurements
made in two different images from two different specimens.

The parameters Hj, and Ho,: were measured as the inner and the
outer dimensions of the open-cells and, using the same rationale, Wi,
and Wy, were also measured as the distance between two consecutive
Hi, and Hyyy, respectively. After performing the measurement, H was
calculated as the average of Hj, and Hoy. Similarly, W was calculated as
the average of Wi, and Wy;.

In order to determine the porosity, four structures for each condition
(SP1 to SP6) were used for measuring their mass and volume and
considering the theoretical density of NiTi. After assessing the differ-
ences between the CAD model and the SLM produced structures, new
CAD designs (hereafter named adjusted CAD designs) were created,
aiming to reproduce the real dimensions and geometries of the produced
structures.
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Fig. 3. Finite element analysis details: (a) model; (b) mesh grid; prescribed
displacements (c) ugy = 0 (d) ug, = 0; (e) upy = 0 and (f) boundary load.

2.4. X-ray diffraction and DSC analysis

X-ray diffraction data were collected from 10° to 90° 26, with a 0.05°
step size and 1 s/step counting time, using a Bruker AXS D8 Discover
(USA) and performed at room temperature. Differential Scanning
Calorimetry (DSC) analyses were performed using a DSC Q20 (TA In-
struments) using a 10 °C/min heating/cooling rate under a nitrogen
atmosphere. These analyses were carried out for the NiTi bar (used for
the powder atomization), the NiTi powder and the SLM NiTi specimens.

2.5. Mechanical testing and numerical analysis

Compressive tests were performed using a universal servo-hydraulic
testing equipment (Instron 8874, USA) at room temperature according
to ISO 13314. Four specimens were tested for each group. The load
gauge of the equipment was used for load signal acquisition. Tests were
performed with a 0.005 mm/s crosshead speed and the strain signal was
obtained using a dynamic extensometer from Instron (model 2620-601).
Vickers hardness tests were performed using a DuraScan equipment
from EMCO-TEST Company, with a load of 3 N during 15 s. The obtained
results are an average of five indentations per specimen.

FEA software was used to simulate compression stress-strain tests. A
structural mechanical module was set for the mechanical simulation and
the structures were modelled as a linear elastic material (NiTi) with a 37
GPa elastic modulus, 0.3 Poisson’s ratio and 6500 kg/m> density
(Jahadakbar et al.). Tetrahedral elements were used for both the model
CAD and the adjusted CAD simulations. Fig. 3 shows the FEA details.
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Fig. 5. Top view SEM images of the NiTi structures after polished for different open-cell and wall sizes.
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SP1 structure
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SP5 structure

Fig. 6. Comparison between model CAD and the SLM structures (SP1 and SP5).

Table 2
Comparison between the Model CAD details and the SLM structures
measurements.

3. Results and discussion

3.1. Characterization of the as-produced structures

Structure ~ Model CAD details Produced structures measurements 3.1.1 Morphological andlysis and porosity assessment
Open- Wall Porosity ~ Open- Walls Porosity In this study, the SLM process was exploited to produce NiTi cellular
cell size  size ©0) cellssize  size ©0) structures with different porosity levels. Six types of NiTi cellular
(um) (um) (um) (um) structures were designed, SLM produced and characterized. Fig. 4 de-
SP1 500 300 65.2 3913+ 3916 44.3 £ picts SEM images of the as-produced structures with isometric and top
13.9 +111 08 views. Fig. 4 (a) shows the SP1 NiTi structure with the lowest CAD
Sp2 600 300 71.8 4934+  405.1 59.9 + ) o e .
01 1134 08 porosity, 65.2%, while Fig. 4 (f) shows SP6 NiTi structure with the
Sp3 500 150 83.3 387.8+ 2477 68.4 + highest CAD porosity, 92.3% (see Table 1). Fig. 5 shows top-views SEM
7.3 +9.2 0.5 images of the NiTi structures after polishing, showing the absent of
5p4 600 150 87.0 2965'0 + 15;'2 (7)26-7 * defects or residual porosity in the dense regions of the parts (walls of the
sp5 500 100 90.7 3872+ 2083 739+ structures). L )
7.3 +122 03 For all the NiTi structures (SP1 to SP6), non-negligible differences in
SP6 600 100 92.3 4918+  205.8 78.1 + the dimensions were detected between the SLM produced structures and
9.7 £7.6 0.4 the CAD model, for both the open-cells and the walls. These differences
can be easily perceived by analysing Fig. 6, which shows the SP1 and
SP5 CAD models and the corresponding SLM produced structures.
Table 2 shows the average + standard deviation values measured on the
600 —+
500 + y =1.046x-134.400 ,
) R*=0.999 .~
3
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Fig. 7. Linear correlations found for the measured dimensions as a function of the CAD model dimensions.
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Fig. 8. Linear correlation found for the measured porosity as a function of the CAD model porosity.

open-cells, walls and porosity.

Table 2 shows that all the produced NiTi cellular structures exhibit a
lower open-cell size, higher wall size and, consequently, lower porosity
compared to their respective CAD models. On average, the SLM NiTi
structures have open-cell sizes ~109 pm lower and wall sizes ~102 pm
higher, than the model CAD dimensions. This aspect is predominantly
explained by the partial melting of powder in the vicinity of the laser
melted zones (dense zones) and the consequent increase of the wall
thickness and decrease of the open-cell size (Van Bael et al., 2011).
Similar deviations between CAD design and SLM structures have been
reported elsewhere, even when using different materials, equipment and
processing parameters (=100 pm smaller open-cells and ~100 pm
thicker walls) (Yan et al., 2015; Zhang et al., 2014; Arabnejad et al.,
2016; Ran et al., 2018; Attar et al., 2015). Once the systematic de-
viations between the CAD model and the produced structures were
understood, new CAD models were created (adjusted CADs) using the
average dimensions of the open-cells and walls obtained from the
morphological analysis. These adjusted CADs were then used to perform
finite element analysis to estimate the elastic modulus of these new
models/structures and to compare the FEA results with the experimental

ones, as shown later.

When designing and fabricating porous structures, the physical and
mechanical properties can be tailored by controlling the open-cell and
the wall sizes. In this regard, the presence of significant differences be-
tween the designed and produced structures have a considerable impact.
Looking back at the application of these structures, for orthopaedic
implants, where it is necessary to assure suitable physical and me-
chanical properties to elicit a positive biological outcome, the prediction
of these differences is a decisive aspect. In this context, Figs. 7 and 8
show linear correlations found between the CAD model and the pro-
duced structures for the dimensions (open-cell and wall sizes) and
porosity.

Figs. 7 and 8 show that these linear correlations have high co-
efficients of determination (R%>97%) indicating that the observed dif-
ferences between the CAD design and the SLM NiTi structures exhibit a
similar tendency. As reported elsewhere (Yan et al., 2015; Zhang et al.,
2014; Arabnejad et al., 2016; Ran et al., 2018; Attar et al., 2015), sys-
tematic differences are detected when fabricating porous structures by
SLM. The results of the present study indicate that these dimensional
deviations were found for all the structures investigated. Above all, it is
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Fig. 9. X-ray diffraction patterns of NiTi bar, NiTi powder, and NiTi SLM structure. (#03-065-5746-cubic and #00-035-1281-monoclinic).
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Table 3

Transformation temperatures (°C) of the NiTi bar, NiTi powder, and NiTi SLM
structure and the R-phase: (*) R-phase between the austenite and martensite
transformation; (**) R-phase between the martensite and austenite
transformation.

M; (°C) M (°C) R, (O As (°C) A (°C)
NiTi bar <-50 -33.99 - —26.01 -3.79
NiTi powder <-50 —9.92 1.23* —5.98 30.47
NiTi SLM <-50 12.62 —17.27** —-0.72 39.16

important to highlight the need and importance of developing guide-
lines and models (see Figs. 7 and 8) that can help engineers design and
obtain desired NiTi cubic-like cellular structures that match the physical

SP2

10 pm
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and mechanical requirements.

3.1.2. Crystallographic and thermal analysis

The X-ray diffraction patterns of the starting NiTi powder, the NiTi
bar used for powder atomization and the NiTi structure fabricated by
SLM are shown in Fig. 9.

Fig. 9 shows that for all the specimens investigated (NiTi bar, NiTi
powder and NiTi SLM structure) the peaks of the XRD patterns indicate
the presence of the austenite phase (B2). In fact, the diffraction patterns
show a match with the austenite phase’s three main peaks at 42.36°
(110), and 77.48° (211) and 61.46° (200) considering the XRD card with
the reference code of 03-065-5746 (cubic crystal system). These patterns
also indicate that there is no evidence of other intermetallics Ni-Ti
phases such as, TiyNi and NigTis.

Fig. 10 shows the DSC responses for the Nisg gTigg 2 bar, NiTi powder
and NiTi SLM structure, while Table 3 presents the transformation
temperatures and R;, temperature obtained from the DSC plots which
were determined by considering the ASTM F2005 standard (Memry
Corporation, 2017).

The transformation temperatures of the NiTi powder and NiTi SLM
structure are higher than those found for the NiTi bar. The DSC response
of the NiTi powder and the NiTi SLM structures revealed multiple peaks
that usually are attributed to inhomogeneous heat transfer and/or
compositional inhomogeneity of the powder and also compositional
inhomogeneity and R-phase formation (Taheri et al., 2017). The
chemical composition analyzes (EDS) carried out on the NiTi parts
produced by SLM showed an equiatomic distribution (NisoTisg at. %) of
the alloy. Therefore, when analyzing the chemical composition of the
ingot (Niso.sTige.2 at. %) and the produced parts (NisoTisg at. %), and
compare both analyses with the transformation temperatures, the in-
crease on the TT’s of the SLM parts can be attributed to the reduction of
the Ni content (0.8 at. %). In fact, it has been reported that in Ni-rich
NiTi (such as the bar used in this study), high-temperature processing
(such as powder atomization and SLM) can lead to the formation of Ni

SP4

Fig. 11. SEM images of the top surface of NiTi cellular structures produced by SLM after acid-etching (SP1, SP3 and SP4).
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Fig. 14. Representative experimental stress-strain curves showing elastic regions for different NiTi structures with the indication of the average open-cell and wall

sizes, and porosity and elastic modulus.

secondary phases and the consequent reduction of the nickel content in
the matrix composition (Haberland and Frenzel, 2016). During SLM, the
melt pool remains at high temperatures for some time and, during this
time, Ni tends to evaporate at a higher rate than Ti due to Ni’s lower
melting point (Elahinia et al., 2012; Behavior and Melting, 1109; Saedi
et al., 2016).

3.1.3. Microstructural analysis and hardness

A strong relationship exists between the SLM process, the micro-
structure and the mechanical properties of the resulting components.
The processing parameters and the heat transfer play a big role on the
densification, microstructure, texture, and anisotropy of the SLM parts
(Lewandowski and Seifi, 2016). In this study, the top surfaces of cylin-
drical NiTi structures were mirror-polished followed by acid etching
using a solution prepared with HoO, HNO3 and HF. Fig. 11 shows SEM
images with three different magnifications of SP3 as an example of the

typical microstructure found for the NiTi produced structures. The
microstructure of the SLM-produced NiTi structures depicts some grain
boundaries similar to those reported elsewhere (Shishkovsky et al.,
2012).

Micro-hardness tests were also performed on the produced NiTi
structures and the results were very similar for all the produced NiTi
structures. The results were 297 + 6, 310 + 4, 302 + 7, 303 + 5, 303 +
10 and 307 + 7 HV for SP1, SP2, SP3, SP4, and SP5, respectively. The
average hardness values varied from 297 to 310 HV, which indicates
that, for these processing parameters, the production of NiTi structures
with different open-cell and wall sizes and porosities has no significant
effect on the hardness.

3.2. Elastic modulus assessment and correlation models

Currently, conventional hip implants are usually made of dense
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Fig. 15. Elastic modulus of the SLM-produced NiTi structures (experimental results) and the finite element analysis (model CAD and adjusted CAD).
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Gibson-Ashby power-law (Equation (2)).

materials such as Ti6Al4V alloy. Despite the developments in this area,
the solutions available on the market are known to have a limited life-
time. Dense implants are known to induce stress shielding and, typically,
aggressive revision surgeries are necessary 10-15 years after Total Hip
Arthroplasty (Behavior and Melting, 1109). To address this problem,
NiTi cellular structures with different levels of porosity were designed,
SLM fabricated and mechanically tested to propose advanced implant
solutions. Fig. 12 shows the porosity measured on the SLM-produced
NiTi structures (experimental results) and the porosities corresponding
to the initial CAD model and the adjusted CAD.

Fig. 12 shows that all the SLM-produced NiTi structures have a lower
porosity than the designed CAD model. This aspect is related to the
systematically narrower open-cells and thicker walls found for all the
NiTi structures, as shown in Table 2. Moreover, Fig. 12 shows that only
very slight differences were found when comparing the experimentally
measured porosity with the adjusted CAD porosities. This aspect in-
dicates that the adopted image analysis methodology satisfactorily
reproduced the produced NiTi structures.

Fig. 13 depicts the Von Mises stress and displacement distributions
for the FEA performed on the SP1 CAD model. The Von-Mises stress plots
show a clear indication of normally distributed stresses along the height
of the specimen. The geometrical discontinuities of the structures
(occurring on the intersections of the walls) exhibit a higher stress
magnitude due to stress concentration. With respect to the displacement,
the plots show homogenous and coherent distributions, indicating that
no singularities are present on the models. The elastic modulus results
obtained by FEA for the adjusted CAD exhibit a suitable agreement with
the experimental results (see Figs. 15 and 16).

In Fig. 14 can be seen experimental representative stress-strain
curves showing the elastic regions for different NiTi structures (SP1,
SP2, SP4, and SP5) under compressive testing. Typically, compressive
stress-strain curves of porous structures consist of three parts, starting
with the elastic domain until the first peak, corresponding to the
compressive strength, followed by the plateau region and, finally a
densification region (Hernandez-Nava et al., 2015; Li et al., 2014). The
present work is focused on the relation between the porosity of NiTi
cellular structures and the elastic modulus and thus, Fig. 14 compares
representative stress-strain curves of the linear elastic domain, for
different typologies of structures, that were used to estimate the average
elastic modulus (see Fig. 15). Considering the cubic-like architecture of
the NiTi cellular structures it is perceptible that exists a compromising
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relation between the open-cell and the wall sizes on the porosity and
consequently on the elastic modulus. For structures with higher wall
sizes (SP1 and SP2), the effect of the open-cell size on the porosity and
consequently on the elastic modulus is more pronounced than that
observed for lower walls sizes (SP3-SP6). When analysing Fig. 14, a
gradual decrease in the slope of the stress-strain can be observed when
decreasing the porosity of the NiTi structures which results in lower
elastic modulus values. Fig. 15 where the relation between the elastic
modulus obtained experimentally for the SLM structures and numeri-
cally for the CAD models and the adjusted CADs. As a consequence of the
differences obtained for the porosity (Fig. 12), lower elastic moduli were
obtained for all the CAD model designs compared to the experimentally
obtained elastic modulus.

The elastic modulus of the CAD models varied from 0.9 to 6.6 GPa,
while the experimentally obtained elastic modulus varied from 3.7 to
13.5 GPa. The elastic modulus obtained for the adjusted CAD designs
were only slightly different (~4%) compared to the experimental re-
sults. These results are a good indication of the effectiveness of the
proposed methodology to replicate the NiTi structures.

These NiTi structures can be further considered for designing struc-
tures with a specific elastic modulus suitable for each patient’s bone
properties, which can be obtained by tomography or magnetic reso-
nance imaging 3D data (Chen and Thouas, 2015; Yan et al., 2015; Ryan
et al., 2006; Thavornyutikarn et al., 2014). Several studies reported the
success of cellular structures to reduce stress shielding and bone
resorption by employing a lower stiffness (lower elastic modulus) that
better approximates the cortical bone elastic modulus (10-30 GPa)
(Geetha et al., 2009; Dallago et al., 2018).

Many efforts have been made to model the dependence of mechan-
ical properties on the porosity of engineering porous materials. Based on
experimental results, a number of models have been proposed to
represent the relationship between elastic modulus and porosity taking
into consideration the porosity content and the architecture of the
porous materials (G and Ashby, 1982). The relationship between elastic
modulus and the porosity content in porous materials is described
through a power-law. Gibson and Ashby’s models estimated a
power-law fit for the relation between the elastic modulus and the
porosity of porous materials as follows (G and Ashby, 1982):

E 2\ .\
— —=C(1 - 1
E C<ﬂo) C(1—p) 1)
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where Ej is the elastic modulus of the bulk material, and C and n are
constants that depend on the microstructure. For cellular structures with
a dense solid network, C = 1, while in other cases, this constant can
assume different values and the exponent n has a value in the range of
1-4, with n = 2 for open-cell structures (G and Ashby, 1982). In the
present study the NiTi cubic-like cellular structures can be approximated
as open-cell structures in which the solid network (walls) is fully dense;
therefore, C = 1 and n = 2 and Equation (1) can be rewritten as:

E=Ey(1-p)’ @
where p is the porosity of the NiTi structures and Ey is the NiTi alloy
elastic modulus.

Fig. 16 shows the correlations between the porosity and the elastic
modulus, both for the experimental and numerical approaches carried
out in this study. The power-law fit by Gibson and Ashby is also included
for comparison purposes. The power-law correlations for the experi-
mental, the numerical and the Gibson and Ashby’s model, show high
coefficients of determination (R > 95%) indicating a good fit using
power laws for the model CAD, experimental results and adjusted CAD.
It can be mentioned that in some extension the obtained experimental
results are aligned with the predicted models of Gibson and Ashby for
porous materials. Moreover, the experimental results curve and the
adjusted CAD results curve are very similar, almost overlapping.

The reported differences between the CAD model and the experi-
mental results (for the porosity and the elastic modus) and the correla-
tions presented in Fig. 16 can be used as design guidelines that integrate
SLM’s inherent deviations. By doing so, engineers can design NiTi
structures that display the intended porosity and elastic modulus after
fabrication.

4. Conclusions

Cubic-like NiTi cellular structures with different levels of porosity
were designed and fabricated by SLM;

Experimental and numerical approaches were carried out to obtain
the elastic modulus of NiTi structures;

Non-negligible differences were systematically found between the
CAD design and the SLM-produced NiTi structures;

Adjusted designs were created to reproduce the dimensions and ge-
ometries of the SLM-produced NiTi structures;

The numerical elastic modulus results of the adjusted designs show
good agreement with the experimental results;

Design tools are proposed to anticipate the real dimensions and
porosity of SLM-produced NiTi cellular structures;

The produced NiTi structures exhibit elastic moduli that match that
of bone tissue, indicating the suitability of these structures for or-
thopaedic implants.
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