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Abstract

The field of orthopedic regenerative medical studies has begun to use porous metal structures for biomedical implants, which
have lower strength and ingrowth behavior, similar to bones. It is possible to produce such porous metal structures with a
designable microarchitecture or replicated topology by additive manufacturing. The main purpose of using these artificial pore
geometries in the biomedical field is to increase the biocompatibility of the product by imitating the bone. In this study, bone
samples from the femoral and vertebral regions of a sheep were obtained and scanned by microfocus computed tomography
(Micro-CT). Trabecular bone models were produced from Ti6Al4V extralow interstitials powder using the selective laser
melting with 1:1, 1:1.25, and 1:1.50 scales. The produced samples were scanned using Micro-CT, and 3D models were
formed. The 3D models of the trabecular bone and samples were aligned in a computer environment to determine deviations
in both size and angle of arms in the trabecular structure. It was found that the deviations decreased when the angle was above
60°, whereas they significantly increased with the size below 150 microns. The size distribution and interconnectivity ratio
of the pores formed in the production was obtained from the PNMs. It was determined that the mean equivalent diameters
of vertebra and femoral pores, from the pore network models are 767 £ 265 pm and 623 245 pwm, and concluded that the

samples produced in the scale of 1: 1 and 1: 1.25 could represent the pore size distribution in the bone.

Keywords Trabecular bone - Selective laser melting (SLM) - Additive manufacturing - Porous metals

1 Introduction

Abone has a hierarchical structure that affects its mechanical,
biological, and chemical properties because this hierarchi-
cal structure consists of compact and trabecular bones in a
macro scale. A compact bone has a porosity of 3—5%. Osteo-
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cytes, canaliculi, blood vessels, and erosion gaps are present
in these cavities. Unlike the compact bone, there are larger
pores in the trabecular bone and the proportion of these cav-
ities reaches up to 90%. The gaps in the trabecular bone are
connected to each other in a network; thus, the interconnected
structure of bone is as important as its trabecular pore size
for tissue development and osseointegration [1-5].

In addition to the bone hierarchical structure, the bone
has a dynamic mechanism that can renew itself. Osteo-
clasts play a role in the resorption of bone tissue, whereas
osteoblasts provide new bone formation [6]. The unique and
self-renewing dynamic mechanism of the bone allows its
affected areas to be repaired in case of damage. However, if
the damage in the bone structure is too large to repair itself,
complementary components must be added to the damaged
area [7]. Autograft and allograft are adopted as complemen-
tary tissues in the repairment of bone structures. On one
hand, the use of allograft is not favorable because it is dif-
ficult to obtain and susceptible to disease transmission. On
the other hand, autograft causes secondary diseases in surgi-
cal regions [8]. Due to these uncertainties, studies aiming to
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develop suitable biomaterials in addition to tissue usage have
begun. Biomaterials should have four main characteristics
determined by Hutmacher [9]. In these characteristics, bio-
materials have to allow natural cell growth and have similar
natural mechanical properties on the damaged area. Pores of
abiomaterial should have appropriate size and network struc-
ture for transporting nutrients and waste. Its surface structure
has to be suitable for bone ingrowth and vascularization [9].

Metallic implants with porous lattice structures can sim-
ulate the structure of the bone. They also allow bone
regeneration and ingrowth as opposed to solid materials [10,
11]. Metallic noncellular biomaterials have higher elastic
modulus (e.g., Young’s Modulus is approximately 210 GPa
for CoCrMo, 110 GPa for Ti6Al4V, and 190 GPa for 316L
stainless steel) than bone structures (the Young’s Modulus
of trabecular bone ranges from 0.02 to 2 GPa, whereas that
of the cortical bone ranges from 3 to 30 GPa) [12, 13]. Due
to the major difference between metallic biomaterials and
bone, a “stress shielding effect” occurs, which causes bone
instability, implant loss, and bone resorption [14]. Bioma-
terials that have characteristics similar to the bone structure
with reduced mechanical properties might be a solution to
stress shielding effect [15]. In preliminary studies, it has
been observed that the advantages of additive manufactur-
ing allow the production of complex porous structures. The
controlled production of these structures provides an isen-
tropic or functionally graded porous cage structure, which
can be designed according to the properties of the applica-
tion area to mimic the mechanical and biological properties of
bone [16, 17]. Therefore, the lattice structured biomaterials,
pore size, and three-dimensional properties should be taken
into consideration in order to increase the ratio of intercon-
nectivity to osseointegration. In the studies on the effect of
pore size on tissue development, there was no vascularization
in the pores smaller than 50 wm [18]. Cartilage tissue was
formed in the pores ranging from 90 to 120 pwm in size, and
the bone grew when the pore size was over 350 um [19]. A
pore size of 300—400 pm was found to be the most suitable
for direct Haversian type bone formation (including capil-
laries and marrow) [20]. Lipid and bone marrow deposition
occurs at a gap size of 400-600 pwm, which deteriorates the
mechanical properties [19, 21, 22].

Porous lattice geometries can be obtained, drawing inspi-
ration from artificial architectures and natural formations, by
scanning. Artificially formed lattice architectures are found
in metal foams, polymer foams, and porous ceramics, and
occur naturally in bone, wood, sponge, and stones [16]. These
porous structures have many applications in aerospace, auto-
motive, and medical industries. Lattice structures can be
classified as open or closed and can be in a random or sym-
metrical distribution. Conventional processes (such as freeze
casting, gas foaming, and particle leaching) obtained by the
production of pore architectures have a random pore distribu-
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tion. Because of this random distribution, the development of
new blood capillary and the transportation of oxygen-nutrient
are prevented due to deviations in the course of blood capil-
laries [23, 24]. In the studies related to the three-dimensional
architecture of porosity, the focus was on the structures with
open pores and regular arrangement, which can provide the
connection of the pores located within the structure. The use
of structures with regular support arms has shown that stress
can be consistently distributed to all elements in the structure
[25, 26]. Promising results have been obtained in the use of
symmetrical cubic structures in the production of biomateri-
als using additive manufacturing [25, 27-29]. In addition to
cubic symmetric lattice, studies on the structure of diamond
[25, 26, 30, 31], truncated cube [26], truncated cuboctahe-
dron [25, 26], tetrahedron [32], rhombicuboctahedron [26],
and octet truss [32] have been carried out to determine the
properties for the use of unit cell lattice structures in orthope-
dic implants [16]. Additionally, irregular pore formation as
well as the bone structure and imitation of bone biomimetic
studies are included in the literature [33, 34]. In biomimetic
studies, Voronoi diagrams and variables have been used to
create microlattice structures that can mimic bone structure
with different combinations of pore distribution and geome-
try. In the study of Barack et al., the mechanical properties of
different dimensions of the same model were examined for
models obtained by micro-CT scanning chimpanzee bone.
Due to the fact that the average trabecular bone thickness
is higher than 3D printing resolution, it has been observed
that dimensional changes are low in the production of the
designed geometry [35]. Similarly, the sheep bone trabec-
ular structure model was obtained by Wood et al. and it
was examined that the mechanical strengths of the samples
rotated at an angle of different degrees in the same region of
obtained structure were produced by 3D printing and their
mechanical strength [36]. In the study of Cheng et al. [37],
the human femur was copied with Micro-CT and 12, 24 and
36 repetitions of sample models with low medium and high
porosity ratios were produced from Ti6Al4V Grade 5 powder
by selective laser sintering and the strength of the produced
disc samples were examined. When the studies on the pro-
duction of bone structure by copying were examined, it was
determined that there were studies on the mechanical strength
and biological properties of different geometries produced
from polymer material with 3D printing and metal material
with SLS. However, the effect of SLM production on the
change in trabecular arms and pore size distribution has not
been studied [38].

The geometrically complex parts, for which the capabili-
ties of conventional production methods are insufficient, can
be produced with SLM which is an additive manufacturing
method with powder bed fusion [38, 39]. In SLM method, the
melt pool is formed by heating the selected area in the powder
bed by laser beam [38]. As the laser beam moves away from
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the area, the melt pool rapidly cools and solidifies. With the
melting of the relevant section of the part, the building plat-
form goes down to the specified layer thickness and the new
powder bed layer is laid from the powder feed unit through
the spreader. The process of melting and creating a new pow-
der layer continues until the part geometry is completed. On
the other hand, deviations have occurred during the produc-
tion of porous geometry properties which include a melting
mechanism and unsupported production [40]. Because of not
using a support structure and powder melting mechanism,
sagging, waviness and changes in the centerline of the struc-
tural elements have been occurred [40—43]. In the study of
Mazur et al. [43], they observed that production capability
decreased and deviation increased by decreasing the angle
with the table plane for SLM. Moreover, it was concluded
that under 100 micron diameter and under 20° positional
angle, productions failed.

The SLM has a completely melting mechanism in which
undesirable internal closed pores may occur in the final
microstructure [44—47]. It has been determined that the pores
in the structure could be spherical or sharp cracks. The pores
with a sharp crack shape are created by insufficient energy
density or agglomeration, while spherical pores are caused
by trapped gas and high energy density [48—56]. Sharp crack-
shaped pores are a major undesirable defect in terms of
crack initiation and damage due to high stress concentration
[38]. Important parameters affecting pore formation include
laser power, scanning speed, powder layer thickness, hatch
distance, powder bed temperature, and focused beam plane
distance [38]. In the study of Stef et al. [57], the pore equiv-
alent diameters ranged from 4 to 40 wm, while the average
pore size was 11 pm. In another study on pore defect size,
Voisin et al. [58] found a pore size up to 60 microns in equiv-
alent diameter.

The aim of this study is to investigate the productibility of
a porous metal bone structure which simulates sheep trabec-
ular bone. In this study, the replicated trabecular structures
which obtained from the vertebra and femur of a sheep by
Micro-CT method were produced from Ti6Al4V ELI alloy
powder by the SLM. The trabecular sheep bones and SLM
samples pore size distribution were compared by using pore
network models. In addition to the examination of trabecular
porosity, the geometry and dimensional distribution of closed
pores were also examined within the scope of investigation
of changes in production.

2 Material and Method
2.1 Micro-CT of Bone and Modeling

The bone samples from which the trabecular structure was
replicated were taken from the femur and vertebral regions of

a 22-month-old sheep. Bone samples were cut for Micro-CT
without large damage and stored in 10% formaldehyde solu-
tion. The bone samples were scanned in a wet formaldehyde
environment using Bruker Skyscan 1272: 8 micron scanning
pixel size, 90 kV source voltage, 111 mA source current,
and an Al 0.5 + Cu 0.038 mm filter. The cross-sectional
images of the horizontal slice plane to be used to create
with the 3D models were created with NRecon software from
the obtained scanning data. The 3D computer-aided design
(CAD) model was created by identifying the grayscale areas
of the bone at Mimics software. Damaged areas formed while
cutting the bone for Micro-CT and cortical bone, whereas
epiphyseal plaque disrupted the simplicity of the trabecular
structure (Fig. 1). By removing these areas, cylindrical mod-
els were created.

2.2 SLM Production and Analysis of Samples

The cylindrical models were produced with SLM. In the pro-
duction, support structures were not used to keep cavities
in the porous structure. A circular plate was placed at the
bottom of the sample according to the growing direction. Pro-
ductional geometries were scaled at 1:1, 1:1.25, and 1:1.50
since they were aimed at investigating the reproducibility of
different pore sizes of the trabecular structure. A Concept
Laser M2 Cusing machine was used for SLM. The working
parameters of SLM are given in Table 1. Ti6Al4V ELI Grade
23 (CL41) powder from Concept Laser GmbH was used as
araw material in this production. The powder used complies
with ASTM F136-2a standard, and the chemical composition
of the powder is given in Table 2.

The produced samples were removed from the table and
heat treated in an argon atmosphere. During the heat treat-
ment, the samples were first heated up to 840 °C in 4 h and
maintained at this temperature for 2 h. Then, they were cooled
to 500 °C in the furnace. After that, they were allowed to cool
in air atmosphere from 500 °C to room temperature.

Jeol JSM 6360 LV scanning electron microscope was used
in the examination of the produced samples. Its scanning
voltage was 26 kV and its spot diameter was 60 pum. The
samples were cut parallel to the building plane to reveal the
internal cross-sectional view. Additionally, a Leica CTR6000
microscope was used for the optical imaging of the cross-
sectional views.

2.2.1 Determination of Deviations in Production Models

In order to examine the deviations in trabecular bone produc-
tion, the powder remaining in the porous samples after SLM
production was evacuated with compressed air and ultrasonic
cleaner. In addition, the analysis of the change in porosity
ratio in production was made by using 3D models obtained
by scanning data from samples. Micro-CT was performed

@ Springer
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Fig. 1 Appearance of the
internal structure of trabecular
bones scanned by micro-CT

Femur

Table 1 SLM working parameters in detail

Laser parameter/region Surface Contours Supports
Power (W) 200 200 100
Speed (mm/s) 1800 1250 650
Spot size (jLm) 150 150 150

to generate 3D models of the samples cleaned after produc-
tion. For Micro-CT, 9-12 wm image pixel size, 96—100 kV
operational voltage, 100—104 mA current, and 0.11 mm Cu
filter were used as its parameters. According to the obtained
scanning data, the 3D CAD model creation process was the
same as that of the bone. The Geomagic Control X™ soft-
ware was used to align the pre-production trabecular structure
and the postproduction model. Best fit alignment was used
as the alignment method since all the geometries on the part
and their positions with each other changed after production.
In order to determine the deviations in the production after
the alignment, two-dimensional sections were taken from the
aligned CAD data, while the geometric changes in the build-
ing direction planes (X—Z and Y—-Z) and the horizontal layer
plane (X-Y) were examined.

2.2.2 Pore Network Models of Trabecular Structure

Pore network models (PNMs) were created from the CAD
data of the trabecular bones and produced samples. The inter-
nal connection ratio and pore size distribution of both models
could be obtained through the PNM. Avizo™ software was
used for the creation of the PNM. By comparing the obtained

Epiphyseal plaque

Cortical bone

Vertebra

PNMs, the deviations and ability of the produced trabecular
structure representation of the bone were evaluated. In the
PNM of the structure, the pores were defined as spherical
geometry and the shape of the arms connecting the pores
were defined as cylindrical [5].

In this study, the porous area was first defined and pore
volumes were separated according to the model to be devel-
oped by the algorithm. PNM was then obtained by defining
the cylindrical connecting arms and spherical pores (Fig. 2).
The size, position, area, volume, and connection property
values of the spherical and cylindrical representations from
PNM can be reached. In this manner, the comparison of pro-
duction and design was made possible, and the locations and
dimensional distributions of closed pore defects in the struc-
ture were determined.

3 Results and Discussion
3.1 Trabecular Structure of Bone

Scanned and cross-sectional images obtained using Micro-
CT on bone samples of a sheep are shown in Figs. 3 and 4,
respectively. In 2D cross-sectional images, it was observed
that the size and geometrical distributions of the cavities in
the trabecular structure were irregular. The 3D CAD mod-
els of vertebra and femur were created from cross-sectional
images to determine their structural properties. Figure 3
shows an example of a site-free selection of volumes in which
the trabecular structure is disrupted (epiphyseal plaque, corti-
cal bone, and areas of damaged bone). Generated cylindrical

Table 2 Ti6Al4V ELI chemical

composition Alloy element Al \%

O N C H Fe Ti

% Weight ratio  5.5-6.5

3.54.5

0-0.13  0-0.04 0-0.08 0-0.012 0-0.25 Balanced

@ Springer
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Fig. 2 PNM formation mechanism in Avizo™ software: a determination of pores in trabecular structure, b separation of pore volumes, ¢ represen-
tation of pore network model by applying scale, and d PNM representation in trabecular structure

Fig.3 Vertebra trabecular
structure: a Micro-CT image
and b—d cross sectional views
with useful areas (yellow in
color) for creating the 3D model
of a sheep vertebra in different
directions (created in Mimics
software)

models created for the production of the bone are also shown
in Fig. 5.

3D illustration of the pore network models of the bone is
shown in Fig. 6. According to evaluations of the obtained
pore network models, it was found that both the vertebra and
the femur had 100% interconnected cavities for the natural
development of marrow tissue and circulation. Dimensional
distribution of the pores and the connecting arms was also
determined and shown in Fig. 7. The equivalent spherical
diameter of pores obtained from the sheep vertebra had
a distribution between 102 and 1719 pm, and the aver-
age equivalent diameter of these pores was 767 =264 pm.

When the dimensional distribution of the connecting arms
in the vertebra was examined, the average equivalent cylin-
drical arm diameter was calculated as 3054278 um. The
equivalent spherical diameters of the cavities of the sheep
femur were also found to have a distribution between 90
and 1434 um, and the average equivalent diameter was
624 4+245 wm. When the dimensional distribution of the
connecting arms in the femur was examined, the average
diameter of the equivalent cylindrical arm was calculated as
248 £244 pm.

@ Springer
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Fig. 4 Femur trabecular
structure: a Micro-CT image
and b—d cross sectional views
with useful areas (green in
color) for creating the 3D model
of a sheep femur in different
directions (created in Mimics
software)

b W o @

Fig.5 Generated models: a, b bone model obtained from the vertebra
and the model created for production, ¢, d bone model obtained from
the femur and the model created for production

@ Springer

3.2 Analyses of the Samples by SLM

Trabecular bone geometries are produced by the SLM, and
the appearances of the produced samples are depicted in
Fig. 8. The samples were scanned by Micro-CT and ring
artifact, and beam hardening defects were observed in the
cross-sectional images (Fig. 9a). With the NRecon software,
where cross-sectional images were created, beam hardening
and ring artifact defects were removed and the images were
improved (Fig. 9b).

Furthermore, by improving the cross-sectional images,
unwanted pore defects remaining in the structure became
apparent (Fig. 9b). From the improved cross-sectional views,
3D models of the structured geometries were created (Fig. 9a,
b). The porosities were calculated and compared with the
trabecular structure in the region where it was taken (Table
3). When the comparison was examined, it was concluded
that the dimensions of the pores decreased. The porosity also
decreased due to the increase in the size of trabecular arms.
It was also found that both the porosity and pore dimensions
increased with the increasing productional scale (Table 3).
Due to the lower pore sizes in the femur trabecular structure,
the percentage value of the geometry change caused by thick-
ening and sagging was higher than the vertebral samples. For
this reason, it was determined that the 1:1 scale porosity ratio
of femoral samples had the lowest porosity ratio among the
produced samples (Fig. 10).
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With the help of the 3D data of postproduction and the  (Fig. 11b, c). Thickness measurements were made before
alignment to pre-production geometry (Fig. 11a),2Dchanges  and after production by determining the angles of the tra-
from the cross-sections of the production were examined  becular cage in different cross-sectional images (Fig. 12). It
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Fig.8 Image of samples
manufactured using SLM [59]

Fig.9 Cross-sectional views of
the model created from the
SLMed vertebra by 1:1 scale
obtained from Micro-CT:

a image with defects, and

b defect-free structural image

I Mwlwn'ﬂ

Table 3 Porosites of trabecular
structures and SLMed samples

[59]

was determined that the change in the production increased
by decreasing the arm angle. Dimensional deviations on the
thicknesses of the arms perpendicular to the building plane
were less, whereas the deviations on the horizontal arms
increased due to sagging. It was observed that the unsup-

Vertebra Femur
Porosity of trabecular bone (%) 75 68
Productional scale 1:1 1:1.25 1:1.50 1:1 1:1.25 1:1.50
Porosity of produced samples (%) 54,45 54,08 60,95 39,29 48,88 60,58
Z
X

ported structures were the main reason for the dimensional
change that caused sagging.

In the results of the thickness deviations depending on the
angle (from vertical planes), the average of the geometrical
difference (in mm) detected in O (horizontal) to 90 (verti-
cal) degrees within 10-degree steps was obtained, then the
regression curves were calculated for maximum, minimum,
and mean values (Fig. 13). When the obtained curvatures
were examined, it was observed that the change in produc-
tion depending on the building angle differed in 3 regions
as: 0-30° (1st zone), 30°-60° (2nd zone), and 60°-90° (3rd
zone). In the first region, the deviation was the highest com-
pared to the other two regions. The dimensional differences
due to sagging increased significantly since no support was
used. In the second region, with the increase of the arm angle
from the building plane, the ability to support element geome-

@ Springer

(a) (b)

Fig. 10 Generated 3D models of SLMed samples: a 3D femur by 1:1
scale, and b 3D vertebra by 1:1 scale

try itself increased; therefore, the deviation decreased rapidly.
In the third region, the dimensional deviation in production
was measured as the lowest. The green region in Fig. 13
shows the standard deviation of the curvature of mean val-
ues.

In the measurements from the building slices (from hor-
izontal planes), the laser spot diameter was considered 150
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Fig. 11 a 3D aligned z
geometries, b differences in
cross-sectional area parallel to
the building direction,

c differences in the plane
parallel to the building layer,
and d dimensional values of the
differences on the color scale in
mm

, L .

y

-1,0 -0,9-0,8-0,7-0,6 -0,5-0,4 -0,3-0,2 0,1 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

O I—— e oSS

(a) (b)

Fig. 12 Analysis of cross-sectional changes (picture is obtained from a vertebra with 1:1.25 scale): a determination of an element angle on the

building direction and b thickness measurements in mm (-----SLMed part and

micron in order to calculate the average deviation on the
thicknesses of the trabecular arms which was below and
above 150 micron. In the case where the arm thickness was
below 150 micron, the average deviation was measured as
236%, whereas when it was over 150 micron, the average
deviation was 70%. It is concluded that the deviation will be
considerably high when the thickness is below than when the
spot diameter on the building slices the plane horizontally.

trabecular bone)

Considering the literature studies, it is accepted that the
distribution is normal when the skewness value of a distri-
bution is between — 1.5 and + 1.5 and the kurtosis value is
between — 1 and + 1 [60, 61]. It has been determined that
the calculated skewness and kurtosis values of the PNM pore
and connecting arm size distributions are suitable for these
conditions and have a normal distribution (Table 4). The dis-
tribution of pore and connection arm diameters obtained from
the network models created is given in Figs. 7 and 14.
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Fig. 13 Average deviation of
thickness on the inclined arms
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From the pore network models on both bones and pro-
duced samples, the internal connection rate of the trabecular
structures was 100%. It was observed that the equivalent
diameter of the trabecular pores and the produced 1:1 scaled
samples were close to each other both in the smallest and
largest diameters (Fig. 4a, d). Furthermore, it was discov-
ered that the diameter dimensions of the pore equivalent in
the structure naturally increased by increasing the production
scale. Additionally, when the distribution values of lattice
connection arm diameters were examined, it was concluded
that the productions to be made between 1: 1 and 1: 1.25
scales would have similar dimensional distribution values
with trabecular bone (Fig. 14).

It was determined that the mean diameter values of nat-
ural vertebra and femur trabecular structures copied from
sheep bone for porous structure production varied between
767 £264 and 624 4245 pm (Table 4). It was observed that
the detected pore range is compatible with direct bone forma-
tion over 300 wm [19] and a pore size of 1000 wm where high
cell density and metabolic activity are detected [62, 63], and
current studies were shown to be compatible with the natu-
ral bone structure. The lower limit of pore size was 102 um
and 90 pm for vertebra, and femur was compatible with the
absence of blood in pores with a size less than 50 wm and
even limited to 90 wm. The highest pore value examined in
literature studies and found to be suitable for bone adaptation
is 1220 wm [5, 64] and it was observed that the replicated
natural sheep trabecular structure had a pore size of 1718 pm
in the vertebra and 1434 pwm in the femur for tissue develop-
ment.

In this study, the geometry of the closed pores and their dis-
tribution within the structure, as well as the open pores, were
examined with the PNM technique. It was determined that
the closed spaces spread throughout the building elements

S @ Springer

Production change with angle

R?= 0,96
——
T T R*=098
R?*=0,95
30 40 50 60 70 80 90 100
Pre cti angle
Production angle Max Min * Mean

and the spherical equivalent diameter of the size distribution
was 51 29 pm and closed spaces up to 288 jm equivalent
diameter were formed in the production (Fig. 15). Although
the geometries of the closed pore volumes are close to the
spherical geometry throughout the structure, a small amount
of v-shaped pores was formed in the structure. The pore shape
formed in the production with SLM was caused by the recoil
pressure and surface tension in the melting pool [65]. In addi-
tion, the energy density, temperature distribution and cooling
rate used in production for melting are effective in the posi-
tioning of the pores [66—68]. High recoil pressure occurs
as a result of the sudden increase in temperature in the laser
effect area with laser pulse and reflections in the powder bed.
The surface tension decreases and metal vapor occurs with
the increase in temperature [69]. As in EBM productions, in
SLM productions made with high energy input, metal vapor,
or gas that is trapped inside creates a spherical-shaped pore
geometry with low surface tension [51, 67, 69]. However, in
cases where the energy density is not sufficient for proper
melting, the surface tension is higher than the recoil pres-
sure and the upper layer with a high cooling rate solidifies
rapidly due to low energy density, so the remaining gases
cause the formation of v-shaped or sharp cracks in the shape
of the melting pool [51, 69]. When the formation mecha-
nisms are examined, it is concluded that the spherical closed
space (pore) geometries observed throughout the structure
are due to the high energy input (Fig. 16). The melt scattering
observed during the production of the v-shaped pores, which
are relatively small compared to the spherical pore, due to
the local decrease in energy density as a result of shadowing
laser beam radiation.
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Table 4 The values of the distribution of pore and connecting arm diameters from PNM’s

Vertebra bone  Vertebra 1:1 Vertebra Vertebra Femur bone Femur 1:1 Femur 1:1,25 Femur 1:1,5
SLM 1:1,25 SLM 1:1,50 SLM SLM SLM SLM
Equivalent spherical pore diameters (mm)
Average 0.767 0.544 0.885 1.297 0.623 0.390 0.616 0.647
Standard 0.265 0.361 0.374 0.456 0.245 0.300 0.452 0.553
deviation
Variance 0.070 0.131 0.140 0.208 0.060 0.090 0.205 0.306
Skewness 0.303 0.222 0.073 0.423 0.319 0.744 0.515 0.813
Kurtosis —0.003 — 0915 —0.163 0.462 —0.220 —0.223 — 0.809 — 0412
Min 0.103 0.075 0.107 0.257 0.090 0.074 0.091 0.104
Max 1.719 1.616 2.088 2.783 1.434 1.538 1.980 2.356
Equivalent cylindrical pore connection arm diameters (mm)
Average 0.305 0.319 0.426 0.587 0.248 0.234 0.328 0.341
Standart 0.278 0.236 0.269 0.353 0.244 0.224 0.290 0.340
deviation
Variance 0.077 0.056 0.072 0.124 0.059 0.050 0.084 0.116
Skewness 0.839 0.712 0.633 0.499 1.137 0.949 0.902 1.121
Kurtosis —0.237 0.110 — 0.068 —0.187 0.449 — 0.005 — 0.046 0.504
Min 0.004 0.005 0.015 0.012 0.004 0.005 0.005 0.006
Max 1.324 1.391 1.353 1.988 1.333 0.996 1.282 1.697
Fig. 15 Equivalent diameter _ 16 - r 120%
distribution of undesirable pores 93 14 4
in produced samples & 1 __g—a—a—a—= —a—8—a—a—a—a - 100%
8.0 - 80%
§ 10
z g - s Oransal... L 60%
61— - 40%
o | [ Y
RS |
g I I - 20%
4 == — 0%

4 Conclusion

In this study, the reproducibility of the trabecular bone struc-
tures of a sheep was investigated. For this purpose, the
samples were taken from the vertebra and femur region of
the sheep and scanned using Micro-CT. The Micro-CT of
trabecular structures was then produced by the SLM. The
samples from SLM were scanned by Micro-CT, and 3D mod-
els were obtained. Differences were determined by aligning
the geometries before and after the production. In addition,
the PNMs of the samples obtained from the bones and pro-
duced samples were created. Size distribution of the pores
and the internal connection ratio were examined on PNMs.
The results of the study are as follows.

e As the arm angle in trabecular structures increased (when
the arms got closer to the vertical), the amount of deviation

@ Springer
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decreased. Even if the angle of inclined arms was vertical,
a deviation of at least 150 microns was observed.

As the thickness increased, the fluctuation on deviation
decreased independently from the arm angle. Particularly,
the production of trabecular arms below 150 microns was
found to accelerate the deviation.

The thickness below 300 micron caused a difficulty in pro-
duction due to the minimum spot size of the laser and
deviations.

As the scale of the model increased, the thickness of
the arms in the model also increased. With increasing
arm thickness, the deviation decreased and porosity ratio
increased.

The internal connection ratios of both the trabecular struc-
ture and SLM samples obtained from PNMs were found to
be 100%, and the bone structure was successfully imitated
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Fig. 16 Representation of
undesirable pores: a Pore
distribution from PNM in the
vertebra 1:1 scale, b and

¢ scanning electron microscopy
images, and d optical
microscope images

between 1:1 and 1:1.25 productional scales, which proved
that the samples produced by imitating the bone.
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