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Abstract. Construction of metallic implants with a porous structure that mimics the biomechanical properties of bone is one of the challenges of
orthopedic regenerative medicine. The selective laser sintering technique (SLS) allows the production of complex geometries based on three-di-
mensional model, which offers the prospect of preparing porous metal implants, in which stiffness and porosity can be precisely adjusted to the
individual needs of the patient. This requires an interdisciplinary approach to design, manufacturing and testing of porous structures manufactured
by selective sintering. An important link in this process is the ability to assess the surface topography of the struts of porous structure. The paper
presents a qualitative assessment of the surface morphology based on SEM studies and methodology that allows for quantitative assessment of

stereometric structure based on micro-tomographic measurements.
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1. Introduction

Titanium and its alloys are widely used for the manufacture
of medical implants. They owe their popularity to a combina-
tion of favorable properties, i.e. good mechanical properties,
relatively low density and outstanding biocompatibility as
compared to other metallic materials [1]. Unfortunately, their
lifetime in the body is limited. In case of metallic implants with
solid structure it is related to their higher stiffness in compar-
ison with bone tissue. Disorders of the distribution of stresses
and strains in the structure of the bone tissue surrounding the
implant lead to bone resorption around the implant and may
result in aseptic loosening of the implant [2, 3]. The use of
porous implant may help to solve this problem [4]. Good and
durable connection of the implant to the bone tissue is possible
when there are provided sufficient conditions for the ingrowth
of bone into the pores of the material. An important role in
this process plays the geometric properties of porous implant,
i.e. size and shape of the pores, ways of connection between
them. Studies indicate that the optimum pore size should be in
the range of 100-700 um. The pores should be open and the
degree of porosity should be 60-80% [5, 6]. The search for
an optimal model of spatial architecture in a porous implant
must also take into consideration aspects of the strength of the
implant, which practically determines the range of porosity and
pore size in the structure.

There are many conventional methods for preparing porous
metallic structures, i.e. powder metallurgy with space holder,
compression and fiber sintering, sponge replication, freeze
casting method [7—11]. None of these methods allows to ob-
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tain an implant with a defined pore structure. An alternative to
traditional methods of manufacturing metallic porous material
is rapid prototyping by selective laser sintering (SLS) or se-
lective electron beam melting (EBM). The ability to produce
complex geometric shapes based on three-dimensional CAD
model allows for precise control of not only the product geom-
etry itself, but also of shape, size and distribution of pores in
the proposed structure.

Taking into account requirements set for porous medical
implants, design, manufacturing and testing of porous struc-
tures manufactured by SLS require an interdisciplinary ap-
proach. An important role in this process is played, among
other things, by verification of the accuracy of the porous
implant 3d geometry and the evaluation of the surface topog-
raphy of the struts. Nowadays a large number of instruments
for measuring surface roughness is available [12]. Most often
they operate on the basis of the profile method. Data is col-
lected based on the points arranged in a line or based on image
registration from different positions. The choice of specific
method is determined by the purpose and conditions of mea-
surement [13, 14]. The measurement of surface roughness
inside the porous structures manufactured by selective laser
sintering is practically not achievable (without destroying the
object) by conventional methods. An alternative is constituted
by x-ray microtomography. The authors’ [15, 16] work studies
have shown that in case of a relatively large surface roughness
(micro-scale) a comparable, or even better accuracy can be
achieved using the mentioned method than with conventional
measuring methods. For the measurements of small surface
roughness (sub-micronscale) limitation may constitute spatial
resolution of the images and noise. The aim of this study is
to investigate the morphology and the surface topography of
the Ti6Al4V porous structure produced by selective laser sin-
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tering. Morphology makes qualitative evaluation of the three
dimensional shape of a surface available, whereas topography
provides quantitative feature dimensions.

2. Experimental details

2.1. Lattice structure modelling. A surface belonging to the
family of triply periodic minimal surface (TPMS) was selected
for modeling. TPMS are smooth infinite surfaces that partition
space into two intertwined labyrinth that are periodic in three
independent directions [17]. The chosen model is described by
the equation:

k, - (sin(x) - sin(y) - sin(z) + sin(x) - cos(y) - cos(z)
+ cos(x) - sin(y) - cos(z)) + cos(x) - cos(y) - sin(z) (N
+ky-(cos(4-x)+ cos(4-y) + cos(4-2))+ k3 =0

The model parameters (k;, k,, k3) were chosen to achieve
the porosity of the structure Vv = 80%. The volume ratio de-
fined as the ratio of the volume of material to the total volume
of the surrounding area. It was assumed that the area of mod-
eling will constitute a cube with dimensions of 15x 15x 15 mm.
The three-dimensional mesh as a set of coordinates of the ver-
tices and the set of elements that define the topology of the
grid has been exported to *.obj format. The elementary cell
and the finished model is shown in Fig. 1. The design process

a)

b)

Fig. 1. The basic unit cell (a) and the generated model of the lattice (b)
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of the 3d model was performed in the Matlab software and the
final preparation of the model to the manufacturing process by
selective laser sintering was performed in the Marcam Autofab
software.

2.2. Research material. The porous structure was manufac-
tured from Ti6Al4V powders (Renishaw). The powders have the
spherical shape, their surface was smooth. This indicates a good
flowability. The average diameter of the powder was 40 um
(Fig. 2). The chemical composition of the powders specified
by the manufacturer are summarized in Table 1.

Fig. 2. Ti6Al4V powder (SEM)

Table 1
Composition of powder Ti6Al4v
Element Ti Al A% Fe o
Mass [%] | Balance | 5.50-6.50 | 3.50-4.50 | <0.25 | <0.13
Element C N H Residual
Mass [%] <0.08 <0.05 <0.012 <0.10 each

2.3. Selective laser sintering. The 3d model was manufac-
tured by selective laser sintering techniques on the AM 250 Re-
nishaw device, equipped with a 400 W fiber laser Yb-fiber
(A = 1064 nm). The parameters of the sintering process are
summarized in Table 2. The chamber keeps oxygen concentra-
tions below 50 ppm.

Table 2
The parameters of the sintering process
Laser power Scan speed Hatch spacing
400 W 150 mm/s 75 mm
Layer thickness Scan strategy
50 um meander

Bull. Pol. Ac.: Tech. 65(1) 2017
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Fig. 3. Porous Ti6Al4V fabricated by selective laser sintering (SLS)

The porous structure with dimensions of 15x15x15 mm
was cut off from the base plate, on which has been manufac-
tured, using Electrical Discharge Machining (EDM). In order to
remove residual powder from the sintering process, the samples
were pre-treated: flow of compressed air then cleaned in an
ultrasonic cleaner, in ethanol for 30 minutes.

2.4. SEM microscopy. Microscopic observations were per-
formed on a scanning microscope JEOL JSM 6480°s. To re-
flect the nature of three-dimensional structure of the sample the
observations were performed at a tilted table (approximately
25 degrees).

2.5. X-ray microtomography. Tomographic studies were car-
ried out on the measuring X-ray tomograph GE v|tome|x s 240.
The device is equipped with two X-ray sources — the first one
is a reflection target with a maximum power of 320 W, the
second one is a transmission target with maximum power of
15 W. To the investigation both X-ray sources were used — the
reflection target with micro focus allowed to examine the entire
structure of Ti6Al4V made using 3D printing (Fig. 3). These
studies were carried out in macro scale for the magnification
2.4x and a voxel size of 83 um. The next step was to measure
the structure of the tested piece using a nanofocus transmission
target source. This solution allowed to receive in micro scale
a tomographic image with 102x magnification with a voxel size
of 1.9 um. This enables a much more accurate representation
of the bar structure and in the morphology of the outer surface

(Fig. 5).

3. Analysis of the results
3.1. Morphology of the struts surface on the basis of SEM

observation. SEM observation of the struts surface shows their
complex morphology (Fig. 4). The spherical Ti6Al4V powders

Bull. Pol. Ac.: Tech. 65(1) 2017

Fig. 4. The morphology of the struts in the Ti6Al4V porous lattice
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or partially melted agglomerates are attached to their surface.
The presence of attached particles is a consequence of the
method for producing the porous structures [18, 19]. The large
difference in temperature between the sintered material and the
surrounding loose powder induces thermal diffusion phenomena
which results in partial melting of the powder and its attach-
ment to the struts. Part of the powders can be melted by the
laser beam carried on the surface of the powder as previously
marked path and then bonded to the boundary of each layer.
In case of inclined struts the manufacturing process it is partly
based on the previously sintered layer of material and the loose
powder. Some of the metal particles below each layer may be
totally or partially melted and then connected with a lower layer
of material. This mechanism explains why the lower surfaces
of the struts exhibit greater roughness than the upper part. On
inclined struts there are visible characteristic steps as a result
of the layer by layer sintering process. (Fig. 1c). The height of
the steps is determined by the thickness of the applied layer of
powder during the sintering process, which is one of the process
parameters (Table 2).

3.2. Morphology of the struts surface on the basis of x-ray
computer microtomography. The use of the CT scanner
allowed for evaluation of the surface morphology of struts
throughout the volume of the porous structure. Fig. 5 shows
a three-dimensional visualization of the fragments of the struts.
Just like in the outer layer, which was evaluated based on SEM
observation, to the struts inside the porous structure also ad-
hered partially melted spherical Ti6Al4V powder or agglom-
erates.

3.3. Quantitative analysis of the surface topography. An
attempt at quantitative description of the struts surface topog-
raphy was carried out on the basis of tomographic measure-
ments. Measurement data was prepared in the VGstudio soft-

ware, and the calculations were performed in MountainsMap
software (DigitalSurf). In order to determine the 3D parameters
of struts, it was necessary to process the data first. For this
purpose a functionality of the MountainsMap software which
allows read *.stl files (Binary Stereolithography Range Data)
was used. Measured struts were rotated in such a way, that the
area to be analyzed set in the planar view (viewed from a point
on the positive Z axis in the direction of the origin (0, 0, 0)).
The result was the view of the XY plane (Fig. 6a). The mea-
surement file prepared in such a way has been imported into
MountainsMap software. As a result of interpolation performed
by the software nonuniform cloud of points was converted onto
a rectangular grid (Fig. 6b). For the analysis 8 areas located in
different parts of the bar (Fig. 7) were chosen. For the analysis
the areas of the struts which were not steeply inclined with
respect to the XY plane were chosen (Fig. 6a). As a reference
surface in relation to which the surface roughness parame-
ters was calculated, a second degree polynomial were chosen.
(Fig. 7). In the selection of reference surface the fact, that the
selected areas are only a small part of the investigated surface
was taken into account and the reference surface defined as
second degree polynomial is the most common solution in this
case [12].

Amplitude parameters calculations, taking into account 8§
analyzed areas, indicate high surface roughness of the struts.
Root-mean-square deviation of the surface Sq reached 31,1 pm.
A negative skewness indicates the concentration of the material
near the top surface, which can be associated with the agglom-
erates of particles adherent to the surface. Developed interfa-
cial area ratio Sdr (defined as the ratio of the increment of the
interfacial area of a surface over the sampling area) reaches
an average value of 140%. Analysis of the results presented
in Table 3 indicates the existence of disparities between the
calculated parameter values Sdr for different areas of the struts.
For surfaces that are marked with the symbols a, b, c, h average

Fig. 5. Visualization of fragments of struts structure — X-ray computer microtomography
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Fig. 6. A fragment of the struts in the XY view (a) and its contour map (b)

Fig. 7. Original measured surface (a), reference surface — second degree polynomial (b) and residual surface (c)
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Fig. 8. Selected areas of the struts, which were analyzed

Table 3
Parameters determined for the surface from Fig. 8
Amplitude parameters Hybrid parameter
parametrs
Sq Ssk Sku Sp Sv Sz Sa Sdr
[um] (-] (-] (um] [um] [um] [um] (%]
(a) 26,9 0,002 3,15 85,8 149,0 234,8 21,6 128
(b) 32,8 0,12 5,20 96,1 227,6 323,7 24,4 127
(c) 34,0 —0,42 3,34 89,8 135,1 2249 26,6 121
(d) 33,8 -0,70 5,20 85,4 182,2 267,7 25,6 179
(e) 32,3 -0,17 4,20 113,4 142,3 2557 25,2 144
® 26,7 -0,91 5,60 70,0 144,8 214,8 20,1 157
() 30,2 -0,51 3,80 88,6 175,6 264,2 24,0 162
(h) 324 0,34 3,80 89,9 169,1 259,2 24,6 110
average value 31,1 —0,37 4,29 89,9 165,7 255,6 24,0 141
standard deviation 2,9 0,35 0,93 12,1 30,3 33,6 2,1 23
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value of Sdr parameters was 121% and in case of the surface
d, e, f, g 160%. On 3d isometric views of surface topography
with large values of the Sdr parameters can be seen spheres,
which are in fact partially melted Ti6Al4V powders attached to
the surface. The amount of particles attached to the surface de-
pends on the location of the analyzed surface with respect to the
production direction. This analysis quantitatively complements
and confirms the conclusions from the qualitative analysis of
SEM images of the struts surface.

4. Summary

One of the factors which influence the osseointegration pro-
cesses of the implant is its surface roughness. Studies have
shown that porous samples produced by selective laser sintering
have a complex surface morphology of struts. Developed in-
terfacial area ratio, evaluated on the basis of microtomography
measurements, reaches a value of up to 180% and the mean
square deviation of the surface 34 um.

The applied method of analysis, based on tomography mea-
surements allows the quantitative evaluation of surface topog-
raphy of the struts, but the limitations of the methodology ap-
plied should be kept in mind. The transformation of point clouds
to the rectangular grid in this case does not fully represent such
a complex surface morphology of the struts.

Transformation can be applied to the edges with an angle
of maximum 90°, and thus, the analysis of some points are not
possible. This includes spherical particles which are attached
to the bar and also to the calculation of the areas covered by
the surface irregularities. Described problem associated with
representation of surface topography does not also solve the
application of other measurement techniques i.e. confocal and
interferometry techniques. Although the measurement resolu-
tion would be improved, the illumination beam will also not be
able to analyze a greater tilt than 90°. An important advantage
of the method of using from CT scans is the ability to analyze
the surface roughness of the struts in the entire volume of the
porous structure without destroying it.

For quantitative analysis of surface topography, only the
amplitude parameters and one hybrid parameter were se-
lected. A more comprehensive characterization of surface
topography can be obtained by analyzing other groups pa-
rameters and performing, e.g. motifs analysis. Fig. 9 shows
an attempt at identification of spherical particles on the
surface based on motifs analysis. This allows to determine
the percentage of spherical particles attached to the surface.
However, the limitations of the methodology applied require
additional verification analysis, which will be the subject of
further consideration.

The relatively high roughness is a consequence of the man-
ufacturing process, during which the partially melted Ti6Al4V
powders adhere to the surface of the struts. The degree of
binding is so strong that they could not be removed during
the cleaning process of the samples with compressed air and
an ultrasonic cleaner. The limited ability to control the surface
morphology at a micro scale during the manufacturing pro-

Bull. Pol. Ac.: Tech. 65(1) 2017

150 pm

Fig. 9. Identification of spherical particles on the surface based on
motifs analysis

cess by SLS makes it necessary to consider the introduction
of additional implant surface modification treatment after its
preparation.

Above all, appropriate surface treatment should remove par-
tially connected, spherical particles from the surface. This is
important when considering the use of Ti6AI4V lattice structure
as part of the hip prosthesis stem. It is probable that during the
implant use, mechanically detached spherical particles could
migrate to the area of articulation. The particles move continu-
ously, participating in the deleterious abrasive third-body wear
process. As a consequence, they may be affecting the roughness
of the femoral head and contributing to the increased wear of
the polyethylene acetabular liner [20].
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