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ARTICLE INFO ABSTRACT

Keywords: Ti6A14V sub-millimetric cellular structures arise as promising solutions concerning the progress of conventional
Selective laser melting orthopedic implants due to its ability to address a combination of mechanical, physical and topological prop-
Ti6A14V

erties. Such ability can improve the interaction between implant materials and surrounding bone leading to long-
term successful orthopedic implants. Selective Laser Melting (SLM) capability to produce high quality Ti6Al4V
porous implants is in great demand towards orthopedic biomaterials. In this study, Ti6Al4V cellular structures
were designed, modeled, SLM produced and characterized targeting orthopedic implants. For that purpose, a set
of tools is proposed to overcome SLM limited accuracy to produce porous biomaterials with desired dimensions
and mechanical properties. Morphological analyses were performed to evaluate the dimensional deviations
noticed between the model CAD and the SLM produced structures. Tensile tests were carried out to estimate the
elastic modulus of the Ti6Al4V cellular structures. The present work proposes a design methodology showing the
linear correlations found for the dimensions, the porosity and the elastic modulus when comparing the model

Cellular structures
Design tools
Elastic modulus

CAD designs with Ti6Al4V structures by SLM.

1. Introduction

Metallic biomaterials such as stainless steel, CoCr alloys, Ti and
Ti6Al4V have been extensively used as orthopedic biomaterials.
Ti6Al4V alloy has drawn increasing attention owing to its excellent
mechanical and biological performance and also corrosion resistance
(Moura et al., 2019, 2020). When considering metallic implants, the
elastic modulus is one of the most crucial parameters in terms of me-
chanical performance (Ataee et al., 2018; Weipmann et al., 2016).
Despite the elastic modulus of Ti6Al4V (=110 GPa) being lower than
that of stainless steel and cobalt-based alloys (>200 GPa), it is signifi-
cantly higher when compared to human cortical bone tissue (ranging
from 10 to 30 GPa, being influenced by gender, age, among other) (Chen
etal., 2017; Fousova et al., 2017; Bose et al., 2018; Capek et al., 2016). A
non-adequate stress distribution in the bone-implant interface (stress
shielding) occurs due to the mismatch existing between the implant
material and the bone tissue (Ryan et al., 2006; Wally et al., 2019).
When analyzing the performance of conventional hip implants, this
phenomenon has led to unavoidable and progressive bone resorption
around the implant until reaching a critical moment (usually 10-20
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years after total hip arthroplasty surgery) when revision surgery is
needed (Holzwarth and Cotogno, 2012; Bartolomeu et al., 2018a; Wit-
tenberg et al., 2013).

Porous biomaterials have been recognized as an effective solution to
lower the elastic modulus mismatch currently found on dense Ti6Al4V
implants produced by conventional processing routes (Ryan et al., 2006;
Bobbert et al., 2017; Bartolomeu et al., 2019a; Buciumeanu et al., 2018;
Huang et al., 2020). In fact, Ti6Al4V porous biomaterials are in great
demand due to these materials capability to address several re-
quirements in a single component by fitting, simultaneously, the me-
chanical, physical and biological properties, which have potential to be
patient-customized (Wang et al., 2016; Van Hooreweder et al., 2017;
Bartolomeu et al., 2018b). In this sense, when designing Ti6Al4V
cellular structured materials targeting orthopedics, several mechanical
requirements have to assured, such as the strength, the fatigue resistance
and particularly, the stiffness (Weifmann et al., 2016; Bartolomeu et al.,
2017a; Tong et al., 2016). The design of materials for implants can be
carried out considering the specific anatomical location and the patient,
with precise information obtained by tomography or magnetic reso-
nance imaging 3D data (tibia, knee and hip) (Ryan et al., 2006; Chen and
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Thouas, 2015; Yan et al., 2015; Thavornyutikarn et al., 2014).

Selective Laser Melting (SLM) is an additive manufacturing powder
bed fusion process able to fabricate 3D components based on CAD data.
Being a layer-wise technique, by using SLM, engineers can design
complex and customized solutions with a high design freedom (Wang
et al.,, 2016; Van Hooreweder et al.,, 2017; Cai et al., 2018). SLM
versatility allows the production of porous structures, which are almost
impossible or unprofitable to consider when using conventional pro-
cessing routes such as casting and forging (Buciumeanu et al., 2018;
Bartolomeu et al., 2017a). However, the accuracy of SLM technique for
the production of sub-millimetric cellular structured biomaterials is
typically limited, once noteworthy differences are usually found when
comparing CAD model design with the SLM produced components
(Bagheri et al., 2017; Yan et al., 2012). M. Dallago et al. (2019a) report
the importance of considering the limitations in accuracy of SLM
manufacturing technique due to strut oversize, waviness and roughness
when designing load bearing lattice structures. Studying these differ-
ences can be challenging once there is a large number of processing
parameters that in some extension can influence the final accuracy of the
part (Sing et al., 2018). These differences are critical when considering
SLM technique to fabricate materials with specific geometries and po-
rosities targeting near-net-shape solutions and rigorous mechanical
behavior such as the material stiffness (Wang et al., 2016; Bagheri et al.,
2017; Dias et al., 2014). In fact, design tools to help obtaining porous
structures with desired physical and mechanical properties are a current
critical need when considering the use of SLM technology.

In the present study, Ti6Al4V cubic-like structures with five different
levels of porosity were designed, SLM fabricated and characterized
targeting orthopedic implants and physical, morphological and me-
chanical characterizations were carried out. Moreover, design tools are
proposed for the fabrication of Ti6Al4V cubic-like structures that display
the intended dimensions, porosity and mechanical properties by SLM.

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

Ti6Al4V powder (D90 of 40 pm) from SLM Solutions® (Germany) was
used to fabricate Ti6Al4V cubic-like structures. Fig. 1 shows a SEM
image with the morphology of the powder.

SLM fabrication route starts with a CAD design and through a layer-
wise fabrication proceeds till obtaining a final component (see Fig. 2).

Fig. 1. SEM image of Ti6Al4V powder.
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The processing parameters used in this work were defined through an
optimization study regarding the processing parameters for Ti6Al4V,
using this SLM equipment (Bartolomeu et al., 2016). Accordingly, laser
power (90 W), scan speed (600 mm/s), scan spacing (90 pm) and layer
thickness (30 pm) were used, corresponding to a density of energy of
55.6 J/mm>.

2.2. Design of Ti6bAI4V structures

When designing cellular structures to integrate in orthopedic im-
plants several issues must be considered in order to mimic some of the
key natural bone properties and in this way improve the osteointegra-
tion of the implant (Arabnejad et al., 2016; Karageorgiou and Kaplan,
2005; Kumar et al., 2016). Some of these aspects are open-cell size, wall
size (distance between two consecutive open-cells), open-cell
morphology, orientation and interconnectivity and the surface area to
volume ratio.

Table 1 shows the model CAD design details of the cubic-like
Ti6Al4V cellular structures investigated in this study. Structures with
wall sizes equal or higher than 100 pm and open-cell sizes from 500 to
600 pm were designed, resulting in CAD porosities between 64.2 and
93.3%.

2.3. Morphology analysis and porosity measurements

After SLM fabrication, SEM images of the Ti6Al4V structures were
acquired and used to measure the open-cell and wall dimensions.
Further details about the morphological characterization can be found
elsewhere (Bartolomeu et al., 2020a). A total of 30 measurements
(frontal and lateral planes) were carried out for each structure typology
(SP1, SP2, SP3, SP4 and SP5). The average open-cell and walls (distance
between two consecutives open-cells) sizes were obtained and then used
to model new CADs, hereafter named as adjusted CADs. These new de-
signs (adjusted CADs) intended to reproduce the real dimensions of the
SLM produced structures, allowing to carry out finite element simula-
tions and comparing with the experimental tensile results. Three spec-
imens for each condition of the Ti6Al4V specimens were used for
accessing the porosity by measuring the mass and volume and consid-
ering the theoretical density of Ti6Al4V.

2.4. Mechanical testing and mechanical modeling

Tensile tests were conducted using a universal servo hydraulic
testing equipment (Instron 8874, USA) at room temperature. The load
gauge of the equipment was used for the load signal acquisition and the
tests were performed with a crosshead speed of 0.005 mm/s. The strain
signal was obtained using a dynamic extensometer from Instron (model
2620-601) which was designed according to ISO 9513 standard. After
testing, stress-strain plots were prepared and the elastic modulus was
obtained using the slope of the linear elastic regime. Fig. 3 shows some
details of the experimental apparatus used to perform the tensile tests.

Finite element analyses (FEA) were carried out for comparison pur-
poses with the experimental tensile tests. Simplified models were
considered for each structure typology and finite element meshes were
generated using tetrahedral elements. The material of the structures was
defined as linear elastic, Ti6Al4V with an elastic modulus of 110 GPa, a
Poisson’s ratio of 0.30 and density of 4500 kg/m3 (Chen and Thouas,
2015; Rotta and Seramak, 2015). A load (F) was applied on the upper
surface of the model and the elastic modulus (E) was estimated using the
following expression:

F_ L

Ef——X
A AL

where A is the initial area of the structure, and the axial strain, ¢ =
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Fig. 2. Schematic representation of SLM technique, from CAD data to final component.

Table 1
Model CAD design details for the tested specimens.

Structure nomenclature Model CAD design details

Open-cell size (pm) Wall size (pm) Porosity (%)
SP1 500 300 64.2
SP2 600 300 70.3
SP3 500 150 84.0
SP4 600 150 87.6
SP5 600 100 93.3

Fig. 4 shows the geometrical models and aims to highlight the nu-
merical analyzes details, the boundary conditions and the typical refined
mesh used in the FE analysis. Fig. 4 (a)-(d) shows the defined boundary
conditions: (a) boundary load; (b) prescribed displacement (ugx = 0); (c)
prescribed displacement (uo, = 0); (d) prescribed displacement (ugy =
0). Mesh converge analysis was carried out through a parametric study
aiming to assure the convergence and accuracy of the numerical results.

3. Results and discussion
3.1. Morphological characterization of the SLM structures

SLM technique was used to fabricate five Ti6Al4V dog-bone speci-
mens that are cubic-like structured in the reduced section length. Fig. 5
(a) shows the SLM platform after production and excess powder
removal, Fig. 5 (b) displays the produced specimens after being removed
from the platform and Fig. 5 (c) shows isometric SEM images of SP3 and
SP5.

SEM images of the front and lateral planes (polished) of each struc-
ture were obtained and later used to perform a morphological investi-
gation in which the average sizes of the open-cell and wall were

estimated. As an example, Fig. 6 shows the CAD design and also SEM
images of the as-produced and polished SP5 structure. In Table 2 can be
seen, for all the structures (SP1 to SP5), the obtained average sizes when
compared with the initial model CAD dimensions and also the porosity.
When analyzing the results of Table 2 and the example displayed in
Fig. 6, it is possible to understand that systematic deviations are found
when comparing the model CAD and the structures produced by SLM.
Considering the five types of structures (SP1 to SP5), on average, the
open-cell sizes are ~105 pm lower and the wall sizes are ~99 pm higher
comparing to the model CAD dimensions. In fact, it is important to
highlight that these deviations were found for all the investigated
structures indicating that these dissimilarities are inherent to SLM
technique, as reported in several studies (Arabnejad et al., 2016; Bar-
tolomeu et al., 2017b, 2019b, 2020a; Ran et al., 2018). In literature
several studies can be found indicating that the fabrication of
sub-millimetric porous structures by SLM leads to ~100 pm smaller
open-cells and ~100 pm thicker walls (Bagheri et al., 2017; Yan et al.,
2012; Arabnejad et al., 2016; Dallago et al., 2019b). One relevant aspect
related with this behavior is the partially melting of some powder in the
vicinity of the laser melted zones, event that leads to an increase on the
thickness of the walls and consequent decrease of the open-cells di-
mensions (Van Bael et al., 2011). Moreover, powder sticking to the solid
surface due to the differences in heat transport between powder material
and solid material also occurs (Ran et al., 2018). These deviations be-
tween the designed and the produced structures are not negligible and
are particularly crucial for orthopedic implants where these structures
are fabricated aiming to exhibit specific morphological, physical and
mechanical properties that dictate the resulting biological outcome.
Fig. 7 shows the linear correlation between the porosity of the SLM
fabricated Ti6Al4V structures and the CAD model porosity, with a co-
efficient of determination of 98.2%. Fig. 8 shows the linear correlations
between the measured open-cell and wall sizes, and the corresponding

Fig. 3. Mechanical testing system used to perform the tensile tests.
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Fig. 4. FEA details of SP1 structure.

Fig. 5. Images of (a) SLM platform after completing the fabrication and removing the powder; (b) as produced dog-bone specimens and (c) SP3 and SP5 specimen’s
isometric views.

CAD model dimensions, exhibiting high coefficients of determination. data and the SLM production are systematic and, consequently, these
The high coefficients of determination found on linear correlations correlations can be considered as design guidelines to fabricate Ti6Al14V
shown in Figs. 7 and 8 indicate that the differences between the CAD SLM structures with desired dimensions. Fig. 9 resumes the porosities of
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Fig. 6. CAD design and SEM images of SP5 structure as-produced and after polishing.

Table 2
Comparison between the model CAD and the produced structures dimensions.

Specimen  Model CAD data Produced structures
measurements
Open- Walls Porosity Open- Walls Porosity
cells size (%) cells size (%)
size (pm) size (pm)
(pm) (pm)
SP1 500 300 64.2 391.3 + 391.6 45.4 +
600 300 70.3 14 +11 0.4
SP2 600 300 70.3 493.4 + 405.1 53.7 +
9 + 14 0.8
SP3 500 150 84.0 387.8 + 247.2 64.3 +
7 +9 0.3
SP4 600 150 87.6 491.3 + 251.8 70.5 +
5 +10 0.6
SP5 600 100 93.3 491.8 + 198.0 78.8 +
10 +8 0.2

the models (model CADs and adjusted CADs) used on numerical simu-
lations and also of the Ti6Al4V specimens used on the experimental
tests.

Fig. 9 gathers the porosities of the model CAD, the fabricated spec-
imens and the adjusted CAD in which is possible to perceive the sys-
tematic differences between the initial CAD and the measured porosity.
These differences are consequence of having of thicker walls and smaller
open-cells on all of the produced structures when compared to the model
CAD as previously mentioned. By analyzing Fig. 9 it is also possible to
understand that the adjusted CAD models (obtained based on the
morphological characterization of the produced structures) show a
porosity similar to the fabricated SLM structures. After understanding
these similarities in terms of porosities and architecture, the adjusted
CADs were then used to carry out numerical simulations, aiming to
determine their elastic modulus and, ultimately, compare with the
experimental results. These results can be used to obtain numerical
models that correlate the initial CAD dimensions or porosity with the
elastic modulus of the effectively fabricated specimens, as shown in
Fig. 9.

3.2. Mechanical characterization

According to Frost’s mechanostat theory, the biological response of
bone depends on the level of strain that is induced (Frost, 2003). This
aspect has to be considered when designing/producing implant
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Fig. 7. Linear correlation between the measured porosity and the CAD design porosity.
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materials to avoid the mechanical mismatch between natural bone and shielding and can lead to implant failure, typically, 10-20 years after
dense implant materials. An inefficient and non-uniform stress distri- Total Hip arthroplasty (Bagheri et al., 2017; Yan et al., 2012). In this
bution takes place on the implant-bone interface, which induces stress context, the Ti6Al4V cellular structures were mechanically tested
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Fig. 10. Experimental and numerical results of the elastic modulus of the Ti6Al4V cellular structures.
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targeting the development of implant solutions. Fig. 10 shows the
average elastic modulus results for the different typologies of structures
both for experimental and numerical studies.

Firstly, it can be highlighted that four type of Ti6Al4V structures
(SP2, SP3, SP4 and SP5) exhibited an average elastic modulus that is
within the range of bone tissue, 28.6, 22.6, 16.1 and 12.4 GPa, respec-
tively. In fact, several studies report the success of cellular structured
materials in reducing bone resorption and stress shielding phenomena
through a lower stiffness that matches with cortical bone elastic
modulus (10-30 GPa) (Chen et al., 2017; Fousova et al., 2017; Bose
et al., 2018; Wang et al., 2016; Geetha et al., 2009; Dallago et al., 2018).
Also, these structured materials can be developed to fit each patient by
considering tomography or 3D imaging that and then, provide full
customized implant solutions such as hip implants (Ryan et al., 2006;
Chen and Thouas, 2015; Yan et al., 2015; Thavornyutikarn et al., 2014).

Fig. 10 also shows significant differences when comparing the elastic
modulus of the Ti6Al4V structures (tensile testing) and the numerical
results obtained using the model CADs. The superior elastic modulus
values of the experimental results are explained due to the lower
porosity (as consequence of the smaller open-cells and thicker walls) of
the SLM produced structures comparing with the model CAD (see
Table 2 and Figs. 8 and 9). The SLM structures with lower wall sizes
(SP3, SP4 and SP5) exhibit a high difference on the elastic modulus
corresponding to 239, 233 and 566%, when comparing with SP1 (117%)
and SP2 (91%) structures. This aspect indicates that as lower the sizes of
the sub-millimetric structures, as critical the dimensional deviations
once SP3, SP4 and SP5 structures exhibited superior differences on the
wall sizes, in percentage, when compared with SP1 and SP2. When
comparing the experimental results with the numerical simulations of
the adjusted CADs, it is visible that the new designs modeled exhibit
similar elastic modulus values for all the structures studies (see Figs. 10
and 11).

Fig. 11 shows the correlations between the porosity and the elastic
modulus, both for the experimental and numerical studies developed in
this study. The power-law correlations show high coefficient of deter-
mination (R? > 98%) representing a good fitting for the model CAD,
experimental results and adjusted CAD results. It can be mentioned that
when considering the power-law correlations for the Gibson and Ashby’s
model, a good fit was observed and, in some extension, the obtained
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experimental results are aligned with the predicted models of Gibson
and Ashby for porous materials. Also, it was observed that experimental
results and adjusted CAD curves are similar and the existing differences
can be related with the fillets on the corners of the open-cells of the
produced Ti6Al4V cubic-like structures which are induced by the pro-
cess and also by the spherical powder used on the manufacturing. In fact,
when designing and investigating materials for orthopedic application
this phenomenon is relevant to avoid regions with high stress concen-
tration, which could lead to crack initiation when exposed to time
varying-loads.

The observed differences (open-cell and wall dimensions, porosity
and mechanical results) between the CAD designs and the SLM produced
structures are relevant and can be used as design standards capable to
integrate and anticipate Selective Laser Melting inherent deviations
when fabricating Ti6Al4V cellular structures (Bartolomeu et al., 2020b,
2020c). By considering this, Ti6Al4V cellular structures that display de
intended dimensions, porosity and elastic modulus can be obtained by
SLM.

4. Conclusions

-Ti6Al4V sub-millimetric cellular structures with different open-cell
and wall sizes were designed and produced by SLM;

-Experimental and numerical analyses were performed to obtain the
elastic modulus of the Ti6Al4V cubic-like structures;

-Systematic differences were observed when comparing the open-cell
and wall sizes of the SLM produced structured and the initial model
CAD;

-New CAD models were created to reproduce the real dimensions of
the SLM produced structures;. The numerical analyses using the
adjusted models showed a good agreement with the experimental
tensile tests;

-The Ti6Al4V cellular structures produced by SLM exhibit elastic
modulus within a range that match with that of bone tissue,
demonstrating that these structures can be used for orthopedic
applications;

-The power law correlations obtained exhibiting high coefficient of
determination, can be used as design tools to predict and correct the
SLM deviations for Ti6Al4V.

50
o y =2.167TE+09x*47 ¢ Model CAD

40 + R?=0.9846
= y = 1.566E+05x2152 :
S ® Experimental results
% R2 = 0.9806
- y=2305E05x22 o
=z 07 o4 R? = 0.9950 juste
=
=
[=]
L2 207 ‘
N
1721
S
=

10 +

0 f t } } |

40 50 60 70 80 90 100
Porosity (%)

Fig. 11. Relation between the porosity and the elastic modulus for the experimental and numerical studies.
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