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Abstract

Owing to the possibility of direct processing of CAD models into three-dimensional objects, additive manufacturing (AM)
is widely used in the production of individualized bone scaffolds that can lead to perfect restoration of anatomical struc-
tures of missing bone tissues. In this work, one of the AM technologies was applied, referred to as Electron Beam Melting
(EBM), using Ti6Al4V ELI alloy to produce open-cell structures. Scaffold architecture influences its mechanical proper-
ties and is important from the point of view of biological considerations. To optimize mechanical properties, designed
geometries were subjected to Finite Element Method analysis and experimental static compression tests. Also, geometric
CT analysis of manufactured scaffolds was carried out (geometry deviations up to+ 300 pm). Obtained results have shown
that AM can be used to produce Ti6Al4V ELI alloy scaffolds displaying mechanical parameters similar to those of bone
tissue (E=0.45-2.88 MPa). The EBM process affects the microstructure and macrostructural properties of manufactured
parts, e.g., through internal porosities present in the material by to unmelted powder particles (internal porosity in range of
1.25-2.25%). To assess the quality and suitability of additively manufactured implants, a multidimensional verification of
the impact of the manufacturing process on the properties of the final product was performed.

Keywords Electron Beam Melting (EBM) - Additive manufacturing - Scaffold structures - Finite Element Method (FEM) -
Compression test - Computed tomography (CT) - Ti6Al4V ELI

1 Introduction and prevent the passage. Depending on the type of structure

and size of the main structural elements, scaffolds are used

Scaffold structures have the ability to realize spatially vari-
able material behavior, i.e., stiffness, anisotropy, density, and
display attractive properties, such as high stiffness—density
ratios [1-4]. They are usually categorized as structures with
open or closed cells. The characteristic feature of open-cell
cellular structures is the fact that the edges of the main con-
structive elements (struts, ligaments) meet at vertices, allow-
ing for the passage of fluids. In closed-cell structures, the
main constructive elements are walls that meet at the edges
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in such industries as aviation, energy, and medicine.

Open-cell structures are often the first choice as bone
replacement material in orthopedic surgery [4]. This type
of structure allows for tailoring the mechanical properties
of the material to mimic bone and to avoid the major draw-
back of bulk metals, i.e., stress shielding generated on the
surrounding bone tissue.

Implants made from a material with low elastic modulus
can reduce the effect of stress shielding. The use of porous
metal structures can effectively eliminate this phenomenon
as well. The amount of porosity in the implant is considered
to be the crucial factor in promoting successful bone integra-
tion with a porous structure [5—7]. Open cellular foams and
other porous structures are required for bone cell ingrowth to
be effective in optimizing biocompatibility [3, 8]. The ability
to control and properly design the shape of the unit cell and
surface topography can significantly improve fatigue proper-
ties and guarantee long-term use of additively manufactured
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scaffold structures by influencing the reaction occurring at
the implant—tissue contact area [9].

Titanium and titanium alloys have been, therefore, widely
used as biomedical implant materials since the early 1970s
and the implants have been available as machined and cast
components. The alloys that are preferred for the fabrication
of titanium implants are commercially pure titanium (CP-T1)
and titanium alloy Ti6Al4V [10]. It has been demonstrated
that mechanical properties of a scaffold depend not only on
the volume fraction and size distribution of the pore struc-
tures but also on geometrical dimensions of the solid struts
[11]. HIP treatment (Hot isostatic pressing) is used to seal
internal porosities and defects in material that may affect the
strength properties of components produced using Electron
Beam Melting (EBM) [12] It is known that ideal scaffolds
should be porous, have well-connected networks of pores,
whose size should be consistent and suitable for cell migra-
tion and infiltration [13]. Complementary analysis of FEM,
CT techniques and static compression tests were described
by researchers such as Boccacio et al., Alberich-Bayarii
et al., Jaecques et al., [14—17]. The Finite Element Method
(FEM) analysis allows for obtaining an approximate solution
and to develop different models to calculate the load transfer
through porous structures. With the use of computed tomog-
raphy (CT), it is possible to determine the external and inter-
nal geometry of the fabricated porous scaffold structures
[18, 19]. Finally, compression tests enable to simulate the
behavior of open-cell structures [6]. The effect of porosity
of scaffolds made from various materials (porous titanium,
bioglass, HA, TPC/alginate) on bone tissue engineering was
described by Zhang [20]. The above review paper contains
possible mechanisms of how porosity enhances the osteo-
genic-related functions of cells in vitro and the osteogenic
activity of scaffolds in vivo. Moreover, researchers stress
the significance of the relationship between the biological
and mechanical properties of porous scaffolds [21, 22]. The
mechanical properties of porous scaffolds are strongly influ-
enced by their geometry, and therefore should be carefully
designed. The necessity for porosity in bone regeneration
has been demonstrated by Kuboki et al. [23]. With increas-
ing porosity, the biological properties of scaffolds (such as
osteogenic activity) are improved, while their mechanical
properties are decreased [20, 24].

EBM-fabricated objects are not only characterized by a
greater surface roughness than elements produced in a con-
ventional manner, e.g., casting and machining, but also they
have a different internal microstructure. The aim of this work
was to determine the structural and mechanical characteris-
tics using X-ray CT, compression tests and FEM analysis of
additively manufactured Ti6Al4V ELI scaffolds intended for
the design of modern implants, both in terms of geometric
form, and programmed mechanical properties. The selection
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of the appropriate geometry of the scaffolds is crucial to
ensure the desired performance of the implant.

2 Materials and methods

Owing to the possibility of modeling various shapes, addi-
tive manufacturing is an ideal method for ensuring an opti-
mum shape and structure of the scaffold. It enables the
implants to be filled in a way that not only reduces their
mass but also brings the implant’s mechanical properties as
close as possible to the properties of bone tissue. Five types
of scaffolds with different geometries were designed and
manufactured for the purpose of this study.

2.1 Numerical simulations

The scaffold structures were subjected to numerical simu-
lations (using the FEM) in the SIMULIA/ABAQUS 6.13
environment. The scaffold geometry was imported from
previously prepared STL files. Such geometry is, in fact,
an orphan mesh of a specimen surface which is very prob-
lematic to use in a simulation. For this reason, new meshes
(based on the initial orphan mesh) were prepared. First, a
new quad-based 2D mesh of the surface was made. In the
second step a tetrahedral 3D mesh was generated to dis-
cretize the entire scaffold model. Finally, the input file was
created and exported to the ABAQUS engine. These steps
were conducted for all five types of scaffolds described in
this paper. Boundary conditions are described in (Fig. 1).

2.2 Fabrication of scaffolds

The scaffolds were manufactured using the EBM method
(EBM, Arcam, Sweden) with a set of Point-Net parameters,
from Ti6Al4V ELI (ASTM F136) alloy powder (Arcam
AB, Sweden). The manufacturing process parameters are
shown in Table 1. Five types of cubic cellular scaffolds
(30 mm x 30 mm maximum global dimensions) were manu-
factured in accordance with 3D CAD data model (Table 2).

Process parameters include geometry and construction
orientation of the parts, powder chemistry, use of supports
and all device settings, included in the “build theme”. The
standard themes from ARCAM are called “Melt”, “Net”,
“Point-Net” and “Wafer”. Based on previous work, we dis-
covered that the “Point-Net” theme ensures process param-
eters for the fabrication of parts with wireframe geometries
[25].

The Ti6Al4V ELI (Arcam AB) powder particles used
in the scaffold manufacturing process had a spherical
shape. A microscopic examination using scanning electron
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Fig. 1 Boundary conditions

Table 1 EBM manufacturing

Parameter Value
process parameters

Cathode current 3.4 mA

Time for point 0.36 ms

Focus offset 2 mA

Theme Point-Net

microscope ZEISS EVO MA25 showed that the powder
particles had diameters ranging from 45 to 100 pm (Fig. 2).

The chemical composition (in wt.%) of powder used is
in accordance with the ASTM F136-13 Standard (Table 3).

2.3 Static compression test

Five types of scaffolds were designed and then subjected
to a static compression test on an Instron 3384 testing
machine. The purpose of the test was to determine the char-
acteristics of stress dependence on the strain. Four sam-
ples for each type of geometry with external dimensions
of 3030 %30 mm with variable internal geometries (from
A-type to E-type) were laid on the pressure plate according
to build direction. Probe heads with a pressure of 150 kN
with an accuracy class of 0.5 kN were used in the test. The

samples were preloaded with a force of 150 N. The traverse
speed was 1 mm/min and was constant. Before each series of
measurements, the head was calibrated. The tests were con-
ducted to the first decrease in the stress value corresponding
to the first segment breakdown to determine the maximum
stress values that the sample is able to transfer. On the basis
of the obtained graphs, substitute Young’s modulus for each
type was calculated and compared with Young’s modulus
of bone.

2.4 Geometric analysis using CT

Computed tomography was used to obtain the geometry of
the samples. The samples were scanned using a CT system
(Metrotom 1500, Carl Zeiss, Oberkochen, Germany) and
accurate cross sections of every single sample were recon-
structed. The system consists of a flat panel detector with a
resolution of 1024 x 1024 px (400 pm pixel size) and 16-bit
greyscale, a rotary table and a microfocus X-ray tube with
maximum accelerating voltage of 225 kV and maximum
current of 1000 pA. To achieve the maximum resolution for
the entire samples, the tube voltage was fixed at 220 kV and
the current at 120 pA. The number of projections carried out
during the 360° rotation of the sample was 800 with 1-s inte-
gration time for each one. Each sample was reconstructed
with a resolution (voxel size) of 60 um. After the reconstruc-
tion, the beam hardening correction (BHC) of measurement
artifacts was carried out to reduce the disturbances registered
for each of the cross sections. The obtained data were ana-
lyzed using VG Studio MAX 2.0 software (Volume Graph-
ics GmbH, Heidelberg, Germany). Data segmentation was
performed using the local adaptive thresholds method. The
geometry analysis was performed with the VG actual-nomi-
nal comparison module and the “Enhanced” porosity detec-
tion algorithm was used for segmentation of the pores in the
specimens. Internal porosity, which determines the amount
of voids, was determined using the following Eq. (1):

%
Porosity[%] = ———— « 100%,
orosity[%] VitV 4 (1)
where V. is the total volume of porosities, and V,, is the

total volume of material.

3 Results

3.1 Numerical simulations

During post-processing, the values of reaction force were
collected and apparent stresses for all structure types

were calculated. In addition, stress fields (according to
Huber—Mises hypothesis) for scaffold’s models are presented
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Table 2 Scaffolds’ CAD data models—detailed information

Series name Single-cell geometry CAD data model—isometric projection Strut thickness
[mm]

A-type Hexagon 3.14

B-type Grid 2.75

C-type Dodecahedron 1.70

D-type w 1.52

E-type X 1.41
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Fig.2 Images of Ti6Al4V ELI
(Arcam AB) powder particles,
SEM

Table 3 Chemical composition %
of Arcam powder
(0} \Y Al Fe H C N
Ti6Al4V ELI ASTM F136 <0.13 3545 55-65 <0.25 <0.012 <0.08 <0.05
Ti6Al4V ELI Arcam AB 0.10 4.0 6.0 0.10 0.010 0.03 0.01

(Fig. 3). For clarity, only the stresses in plane yz are shown
(the z-axis direction corresponds to the direction of the main
displacement).

In Fig. 4, the field of displacement in the y-axis direction
for B-type scaffold (the simplest geometry) is presented.
Extreme displacement suggests a possible mechanism of
destruction by shearing, which is in good agreement with
the experimental results.

3.2 Static compression test

Compressive tests were carried out to evaluate the geom-
etry for compressive strength and stiffness of the scaffolds.
The mechanical properties such as compressive strength
and substitute Young’s modulus on the basis of data from
strength—strain curve are shown in Figs. 5 and 6—where let-
ters A—E indicate the type of single-cell geometry and 1-4
are sample numbers.

As a result of the research, it was found that regardless
of the analyzed test series, all measurements within the
research group were similar and were characterized by a
similar shape of the graphs (Fig. 5). The tests of A-type sam-
ples were conducted with the maximum compressive stress
of 51.34 MPa and strain of 0.08. Sample cracks occurred
on supports under the first or second layer. In the case of
testing B-type samples, the deformation strain was 0.045,
while the maximum compressive stress (§1.04 MPa) was
the highest among the all tested series. In samples of this
type, cracks occurred at an angle of 45°. In turn, for C-type
samples, the maximum compressive stress and deformation
level amounted accordingly to 21.96 MPa and 0.75. Similar
results were obtained for the D-type samples—the maximum

compressive stress was 20.11 MPa, while the deformation
was at the level of 0.55. Both C-type and D-type samples
cracked at an angle of about 30°. For the test of E-type sam-
ples, the maximum compressive stress was at the level of
30.06 MPa with a strain of 0.82. Samples, as in the case of
the B-type, cracked at an angle of 45°.

The calculated substitute Young’s modulus for all
analyzed scaffold types is in the range of 0.45-2.88 GPa
(Fig. 6). The highest value was recorded for B-type sam-
ples. Also, the highest value of compressive strengths was
found for this type (approx. 79 MPa). However, the greatest
deformations occurred in A-type scaffolds and amounted
to approx. 0.9 mm. It is noteworthy that C-type scaffolds
cracked, while all others crumbled and disintegrated into
parts. All measurement results for the samples included in a
given type are similar and the deviations do not exceed 15%
as shown in Fig. 6.

Referring to the results obtained using the FEM method
and static compression test, it was observed that the course
of the curves has a similar character for each type of scaf-
fold geometry (Fig. 7). The slight differences between these
curves are mainly due to simplifications of the material
model implemented in FEM which did not include inter-
nal porosities occurring in struts of scaffolds. The issue of
implementing imperfect material model in FEM analysis
requires further consideration.

3.3 Geometric analysis using CT
Computed tomography allowed for evaluation of inner and
outer geometry of the manufactured scaffolds. Volumetric

models of scaffolds were obtained and then, during the first
stage of the CT analysis, the designed geometry of scaffolds
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Fig. 3 Distribution of stresses (according to Huber—Mises hypothesis): a A-type specimen, b B-type specimen, ¢ C-type specimen, d D-type

specimen and e E-type specimen

Fig.4 Field of displacement in the y-axis direction of an exemplary
scaffold (B-type)

was compared with the actual geometry of the fabricated
structures.

The actual models (volumetric models from CT) were
fitted to the nominal models (from CAD) using the “least
squares” method. The results of geometry comparison are
presented as color maps (Fig. 8).
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Fig.5 Stress—strain curve of the tested series of scaffolds

Owing to the small size of geometric porosities and the
scaffold density, D-type and E-type geometries were most
accurately reproduced during the manufacturing process,
(Fig. 9a). The geometry deviation values indicate that 90%
of the surface of A-type and B-type samples were in the
range of up to 300 pm, for C-type sample up to+280 pm,
and for D-type and E-type samples up to +260 um (Fig. 9b).
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Fig. 7 Relationship between static compression test and FEM analy-
sis

The highest deviations from the values given by the CAD
model were noted at the supports and at places furthest
away from the supports. In the case of A-type and B-type
geometry, the largest material underflow was recorded in
the vicinity of the supports. The differences in the registered
deviations can be explained by phenomenon of heat propa-
gation from melt pool causing partial melting or sintering of
surrounding powder particles to the surface [26].

In the next stage, the total porosity and volume of indi-
vidual pores of the manufactured scaffolds were determined.
The 2D CT cross sections show internal unmelted particles
in the examined material which tend to aggregate into poros-
ities (Fig. 10).

There is a noticeable relationship between the size of
the porosity and the thickness of the struts from which the
material was made. Due to the high aggregation of the non-
melted material, a higher tendency to create larger porosities
is visible in samples with thicker struts—A-, B- and C-type

structures have the largest amount of porosity with the larg-
est diameter; while D- and E-type ones have the least poros-
ity with the smallest pore diameters (Fig. 10).

The applied CT measurement parameters enabled the
reconstruction of entire samples (Fig. 11) and registration
of pores with diameters exceeding 147 um. Pores with the
largest equivalent diameters [27] (larger than 7 mm) and the
most extensive surface areas (greater than 40 mmz) were
registered for C-type sample. Pores with the smallest equiva-
lent diameters (less than 3.5 mm) and the smallest surfaces
(Iess than 20 mm?) were recorded for D- and E-type samples
(Fig. 12a).

The porosity analysis showed that the highest internal
porosity exceeding 2.25% was recorded for C-type geometry,
while the lowest for D-type and E-type geometries (slightly
over 1.25%) (Fig. 12a). To better characterize the nature of
the pores, a region of interest (ROI) of the B-type sample
was reconstructed with a resolution of 20 um, which allowed
for demonstrating that the registered pores are partially filled
with unmelted powder (Fig. 13).

The high-resolution porosity analysis allowed for show-
ing a larger number of pores registered in the selected
fragment and indicates a larger surface area of recorded
discontinuities.

4 Discussion

To reduce the weight and effective stiffness of titanium
implants, the implant structure has to be made porous [4].
Previous studies have investigated design parameters of
scaffold structures to optimize their biomechanical prop-
erties such as osteoinductivity, osteoconductivity, bio-
degradability, and mechanical integrity to ensure their
optimum properties as implant structure promoting bone
repair. Scaffold design parameters should be tailored to
address distinct healing behaviors [5]. The porous metallic
scaffolds have less elastic modulus, close to that of human
bone, thereby facilitating bone ingrowth and biological
fixation. Porosity also guarantees better tissue nutrition
around the scaffold [10, 13].

The substitute Young’s modulus designated within the
research is in the range of 0.5-3 GPa (Fig. 6). The highest
value was recorded for B-type samples, while the smallest
for C-type samples. The results for samples within each type
are similar, with deviations falling within the range of up
to 10%. The huge spread of results between the test series
shows that the geometry of the scaffold has a significant
impact on its strength properties. This is especially true for
cancellous bone, where the Young’s modulus can vary from
0.1 to 4.5 GPa depending on bone density and trabecular
orientation [28]. A comparison of the obtained results to the
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Fig.8 Color-coded geometry
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Fig. 9 Dimensional accuracy of scaffolds: a deviation histogram, b cumulated histogram—90% of the surface is within the limits of 0.306 mm
for A-type sample, 0.301 mm for B-type sample, 0.280 mm for C-type sample, 0.264 mm for D-type sample and 0.262 mm for E-type sample

Fig. 10 2D CT cross section:
a A-type specimen, b B-type
specimen, ¢ C-type specimen,
d D-type specimen, e E-type
specimen

(@

Young’s modulus of the cancellous bone (1.37 GPa) [27]
has shown that the closest value was obtained for A-type
samples (1.26 GPa). It is possible that the use of A-type
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geometry structures as a fill of the modeled implant could
reduce the phenomenon of stress shielding.
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diameter

The CT tests have shown that the internal scaffold
microstructure contains porosities (Fig. 11) in the form of
non-melted powder particles (Fig. 13b). It causes that dur-
ing compression, a phenomenon resulting in the reduction
of stresses on the inner surfaces of the revealed defects
occurs. The porosities developed in the microscale should
be treated as geometrical features in the mesoscale [29].

In addition, the objects manufactured by EBM are char-
acterized by a greater surface roughness than elements
manufactured in a conventional way which clearly affects
the strength properties of the finished parts (Fig. 8).
Roughness and surface topography are a consequence of
the presence of partially sintered powder particles to the
surface [8, 14]. However, the aforementioned feature of
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Fig. 13 Porosity analysis of the scaffolds: a 3D view of a ROI reconstructed with a resolution of 20 pm, and b 2D view with visible partial fill-

ing of the pores with unmelted powder

the technology also depends on the use of correct process
parameters, such as beam current, offset focus and scan
speed along with the use of high-quality powder material
and sample thickness [26, 30]. The above is particularly
noticeable when comparing the characteristics of the com-
pression simulation to the actual results from the static
compression test. To reflect the real conditions prevailing
in the material, the internal porosity, as well as surface
topography should be implemented in the FEM model.
Excessive surface roughness adversely affects the inter-
action between the implant and the surrounding bone and
may cause an increased release of metal ions to the sur-
rounding tissues. It can also contribute to the formation
of stresses that are unfavorable from the point of view of
mechanical properties and may cause impede cell adhe-
sion. On the other hand, a smooth surface, as compared
with a moderately rough one, does not stimulate the osse-
ointegration process so intensively because it does not
provide adequate retention due to insufficient friction
coefficient. In addition, on smooth surfaces, cells tend to
flatten, which hinders their nutrition and growth [31-34].
Therefore, each change in the roughness parameter can
have profound consequences on the bone regeneration pro-
cess. Porous metals should have sufficient strength to be
able to resist stresses and physiological loadings that are
imposed on them, while maintaining their original size
and shape. The scaffold should provide sufficient mechani-
cal strength to support itself until the new bone tissue is
completely formed into the pores [35]. Many experimental
studies have attempted to determine the optimal scaffold-
ing properties for use in tissue engineering, and in par-
ticular reconstruction of bone tissue, but no algorithm was
provided that would allow, for example, the modeling of
strength parameters and porosity of the scaffold material.
Research has shown that bone regeneration during healing
can be simulated using mechanoregulation algorithms [36,
37]. The global porosity of the scaffold structures should

@ Springer

match the porosities of various types of bones to achieve
the best fitment with real conditions. Bone is often classi-
fied as “cortical” (less than 20% porosity) or “trabecular”
(typically 50-90% contribution of porosity). The presence
of Haversian canal systems can be used as defining char-
acteristic of cortical bone [38].

Due to the fact that the designed geometry of the studied
scaffolds corresponds to the typical porosity of trabecular
bone (from 81 to 84.5% including internal porosities of the
material), the mechanical properties were compared with the
results of other scientists and these values were compared
with the parameters corresponding to bone tissue.

The research results available in the literature (Table 4)
concerning the design and manufacture of 3D structures
mimicking cancellous bone tissue clearly show that foam
structures described by Cheng et al. [39] present the best
strength parameters in relation to porosity. Unfortunately,
the above solutions have a considerable drawback, i.e.,
their internal geometry cannot be controlled, with such
control being possible with the use of modern manufactur-
ing techniques such as AM. The research results obtained
as part of this study indicate that through adequate con-
trol of porosity and strut thickness, it is possible to match
the properties and architecture of bone tissue, which is
confirmed by the results obtained for structures C-type,
D-type and E-type (Fig. 14).

Additive manufacturing technologies, especially from
the powder bed fusion category, allow for the design and
fabrication of cellular and porous structures. The design of
cellular or lattice metal structures is still far from a defined
set of theoretical methods, such as in the case of solid
mechanics. However, the multiscale approach presented
could set the line of thought to develop design methodolo-
gies [29, 43].
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5 Conclusion

The design and production of 3D structures in the form of
scaffolds should be treated as a multidimensional problem
for optimization. Suitable identification of properties that
can affect the behavior of loaded scaffolds should be ana-
lyzed in micro- and mesoscale. The micro-scale aspects
include features obtained as a result of manufacturing
technology and are related to the material’s microstruc-
ture. The mesoscale level takes into account the size of
the elementary cell of the scaffold, its shape, orientation
and topology. All these features affect the final behavior
of the structure under load.

During scaffold design, particular attention should be paid
to the influence of porosity that may occur in the material

after manufacturing process. To reflect the actual loading
of material using FEM analysis, the material model should
be properly defined, taking into account the possibility of
occurrence of local porosities in the form of non-melted
particles, which may behave like micro-bearings, causing a
different load transfer. Moreover, geometrical deviations that
occur in the manufactured scaffolds are related to nature of
the process and used process parameters. They have an influ-
ence on compressive behavior resulting from local surpluses
and insufficiencies of material. By changing elementary cell
dimensions in scaffold structures, strut thickness and orien-
tation, the structures can be fitted in relation to the design
equivalent strength and optimized to clinical requirements.
The design of scaffolds for tissue engineering is a multi-
scale and multidisciplinary area where considerable further
research is needed.

Table 4 Geometrical and

. : Type Strut Total Compressive  Young’s References
rpechamcal properties of diameter  porosity  strength [MPa] modulus
different 3D structures [mm] [%] [GPa]
processed with EBM
Trabecular bone - 90 5-8 0.44 [40]
Ti6Al4V EBM foam 1.04 91.65 38 0.19 [39]
Ti6Al4V EBM foam 0.84 90.08 4.5 0.49
Ti6Al4V EBM mesh 1.08 86.00 12.4 0.54
Ti6Al4V EBM mesh 0.77 73.36 594 2.99
Ti6Al4V EBM homogenously porous 0.5 65 110 2.7 [41]
Ti6Al4V EBM gradient porous 0.5 45.6 366.5 64.8
Ti6Al4V EBM rectangular strut 0.941 50.75 163.02 2.92 [11]
Ti6Al4V EBM rectangular strut 0.905 60.41 117.05 2.68
Ti6Al4V EBM rectangular strut 0.882 70.32 83.13 2.13
Ti6Al4V EBM gyroid 0.49 82 24.4 0.635 [42]
Ti6Al4V EBM gyroid 0.60 85 21.3 0.824
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Fig. 14 Relationship between porosity and compressive stress or Young’s modulus
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