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Abstract. The medical field is one of the many areas which constantly benefits
from the advantages of additive manufacturing (AM), due to the possibility of
fabricating custom implants with complex shapes. The purpose of this paper was
to investigate the effect of drag finishing on the surface roughness of mandibular
reconstruction plate made from pure titanium (Ti) and fabricated by the selective
laser melting (SLM) process. The surface roughness parameters considered were
Ra, Rq, Rt, Rz, Sa, Sq, and Sp. The measurements were done on side surfaces and
top ones. Using computed tomography (CT) scan, we also analysed the micro-
porosity and the factors leading to differential porosity. In general, the Ra surface
roughness suitable for maxillofacial implants is between 0.2 pm to 2 pm. The
present work shows that the as-build part has the Ra roughness on the outer bound-
ary around 9.1 pm (10.7 pm Sa) and 24.4 pwm on the top surface (32.4 Sa). After
we adopted the drag finishing parameters, we reduced the Ra surface roughness to
1.6 pm on the outer boundary (3.1 wm Sa) and 11.4 pm on the top surface (26.8
Sa). Due to printing conditions, the CT investigation indicates that the extremities
of the reconstruction plate and the middle segment have different micro-porosity
levels. This aspect can influence the mechanical properties and a physical test was
required. To determine the mechanical resistance of the actual implant, we used the
Inova testing system. Under continuous tensile load, the fracture appears nearby
the screw hole at 402N and 3.3 mm displacement. The voids identified by CT
have a limited influence on the fracture area. To limit the micro-voids volume and
distribution, future studies are needed to analyse the impact of SLM technological
conditions on micro-porosity.
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1 Introduction

Additive manufacturing (AM) has become a key method of fabricating complex parts
in the aerospace, automotive and medical fields. Unlike the conventional methods, AM
provides the flexibility to produce complex parts on a conceptual level without wasting
material or having to use other machining processes [1]. One of the most used additive
manufacturing processes is Selective Laser Melting (SLM) it offers a lot of opportuni-
ties, in the medical field for fabricating custom-made implants with high dimensional
accuracy out of bio-compatible materials [2, 3, 5] which are meant to replace damaged or
missing bones and they are key components to increasing the quality of life and reducing
the physical and psychological damages [6]. One of the most common bio-compatible
materials is pure titanium (Ti) or its alloys (Ti6Al4V, Ti6AI7Nb) Ti has a small rejection
rate, high specific strength and an elastic modulus closer to the bone than Co-Cr and
stainless steel, due to its good properties Ti is successfully used for reconstruction plates,
dental implants and body prostheses [7].

Mandibular reconstruction plates are customized parts based on a patient-specific
CT scan and they are used for reconstruction purposes of the damaged mandibles. One of
the key aspects which defines an oral implant is the surface roughness since the surface
morphology has a huge influence on the osseointegration process [8]. Studies show that
if an oral implant has a moderately rough surface (Ra: 0.5-2.0 um) the bone shows a
stronger response because it assures a growth into the minor surface irregularities [4]. To
ensure the proper surface morphology different processes are used such as acid etching
however when using chemical roughening mechanisms those may alter the chemistry
of the surface [8, 9]. Sandblasting with different particles such as alumina, is also a
commonly used method, although it is a time-consuming process and it is hard to ensure
uniformity [4].

Drag finishing is a commonly used method of mass finishing additively manufactured
parts which, as the name suggests, drags the specimens through an abrasive media. The
process has already shown promise when polishing additively manufactured jewellery
because of its capability to finish up to 12 complex-shaped parts at once, however in
this case hand polishing is still necessary [10] it can also finish with a high level of
accuracy and in a short time range brass ring if the proper machine settings are used
[11]. Furthermore, Yusuf Kaynak manages to decrease the surface roughness of 314 L
stainless steel samples, which were additively manufactured, from 7 £ 1 wm to 3.3 um
after 2 h of drag finishing, and to 2.7 wm after 4 h of drag finishing [12].

In the presented paper the effects of the drag finishing process on the SLM manufac-
tured reconstruction plate are investigated to determine whether the process is suitable
for this application or not, additionally, the reconstruction plate is subjected to a tensile
load to determine the mechanical resistance and the internal porosity is investigated
using a computer tomography.
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2 Materials and Methods

2.1 Selective Laser Melting

Selective Laser Melting is an additive manufacturing technology that uses fine metallic
powders and with the help of a laser selectively melts layer by layer the material which
fuses in a gas-protected atmosphere. Due to the proven bio-compatibility and low degree
of rejection, the material chosen for the manufacturing of the reconstruction plate is pure
titanium (99.5% Ti). The material is provided by Osaka Titanium Technologies (Japan)
it has a melting point of 1670 °C, and a density of 4.61 g/cm® [4]. In the chemical
composition of the material, there can be also found small traces of Fe, O, C, N and H
(Table 1).

Table 1. Chemical composition of pure titanium [1].

Ti Fe o C N H
99.7 0.08 0.17 0.03 0.03 0.01

Fig. 1. Realizer SLM250 selective laser melting machine

Using a three-dimensional reconstruction of the damaged area, which is acquired
using a CT scan, the reconstruction plate is modelled and the process is executed using the
ReaLizer SLM 250 (Fig. 1) (ReaLizer GmbH) equipment (from the Technical University
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of Cluj-Napoca) in a high-purity Argon atmosphere. The ReaLizer SLM 250 is designed
for the printing of small to medium-sized parts (max build size: 250 x 250 x 300 mm,
max build volume: 18.75 L) and is suitable for laboratory and industrial use. It is equipped
with a touch-screen interface with various menu options, and the machine has been
designed in a way which facilitates the manufacturing process, it also provides a cassette-
type delivery system which improves the time needed for the material change [5]. To
achieve a stable manufacturing process, the laser has been set to a power of 120 W, the
scanning speed to 500 mm/s, and a layer thickness of 50 pm.

2.2 Drag Finishing

As a post-processing operation drag finishing is used which recently is getting recog-
nition in different manufacturing areas as a mass finishing process, it can be used for
rounding, deburring, smoothing, polishing and finishing. Each part has to be individually
connected to a bracket using a personalized holder, which rotates and dips them into a
container filled with stationary abrasive material (Fig. 2 b). The polishing procedure
is executed on an Otec DF-3 (Fig. 2 a) (OTEC Prézisionsfinish GmbH) drag finishing
machine from the West Bohemia University of Pilsen, which is medium-sized equip-
ment with a working capacity of the drum of 80 L, it can immerse the parts in the tank
with a maximum depth of 250 mm, it has three holders and each one has four positions
meaning that twelve parts can be fixed at once.

Rotational movement of brackets

Container

Bracket for workpieces

Workpiece

Media and compounds

Rotational Movement of container

(®)
Fig. 2. (a) Otec DF-3 drag finishing machine (b) working principe of drag finishing [13]

In order not to contaminate the reconstruction plate’s surface, the abrasive media in
which it is immersed is HSC1/300 dry granulate, it is a combination of walnut shells
and silicon carbide [14]. The main parameters that are directly influencing the outcome
of the process are the: rotating speed and the immersion depth. The final surface qual-
ity is achieved by polishing the reconstruction plate four times, each time increasing
incrementally the rotating speed and/or the immersion depth.
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2.3 Surface Roughness Analysis

Following the drag finishing process, using the Alicona IFM G4 (Alicona GmbH) micro-
scope from the laboratories of the West Bohemia University two different surfaces have
been analysed to determine the changes in surface roughness. The surfaces considered
were the vertical wall (Fig. 3 a) and top side (Fig. 3 b) and the parameters which were
considered in this surface measurement were Ra, Rq, Rt, Rz, Sa, Sq and Sp.

(A) (®)

Fig. 3. Analysed surfaces, (a) vertical wall, (b) top side

2.4 Computer Tomography Scan

Micro-porosity has a significant influence on the mechanical properties of any additive
manufactured components, depending on the scanning strategies different porous struc-
tures can be observed throughout the volume of the parts, to analyse these structures a
computer tomography scan is needed. Computer tomography is a common procedure in
the medical industry used for diagnostics, but it has gained recognition in other indus-
tries as well as a fast and precise non-destructive product validation method. It works
on the principle that the studied component is exposed to X-ray radiations from differ-
ent angles to generate many 2D cross-sections which, using computational software, are
generated into a 3D model [4]. Using the 3D model inspection of cavities and cracks, par-
ticle analysis, and quality control can be done in different industries, including additive
manufacturing and injection moulding [15]. The CT scan of the reconstruction plate is
conducted on the Zeiss Metrotom (Carl Zeiss AG) industrial scanner from the metrology
department of the Technical University of Wien (Fig. 4).
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Fig. 4. Zeiss Metrotom CT scanner

The Metrotom is a lab-based CT system which is suitable for measuring complex
plastic and metal parts in minutes it is suitable for medium sized-parts that have a
maximum workpiece diameter up to 450 mm and a maximum workpiece height up to
650 mm and a maximum mass of 50 kg. The sample was scanned with the following
parameters: voltage 150 kV, current amperage 170 LA, integration time 800 ms, voxel
size 26.53 pm, focal spot size 26 wm, and the filter is made out of copper with a thickness
of 0.25 mm. The duration of the scan is approximately 35 min and the results are analysed
using the GOM inspect software.

2.5 Tensile Testing

For further investigations, following the computer tomography scan, a tensile test is con-
ducted on the reconstruction plate. The machine measures directly the ultimate tensile
strength, breaking strength, and maximum elongation of the specimen, from which fur-
thermore the following properties can also be determined: Young’s modulus, Poisson’s
ratio, and yield strength. The procedure is conducted on the Inova FU-O-250-1620-V1
(Inova GmbH) universal testing machine at the West Bohemia University (Fig. 5 a). The
reconstruction plate is fixed into the machine at the extremities (Fig. 5 b).
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3 Results

The final surface quality is achieved by polishing the parts four times, each time increas-
ing incrementally the rotating speed and/or the immersion depth (Table 2). Polishing
starts with relatively low speeds and a small immersion depth, and after the first two
attempts, there are little to no differences in the surface. As the immersion depth and
the rotor speed is increasing the surface quality of the reconstruction plate is more and

more satisfactory.

(®

Fig. 5. (a) Inova testing system (b) fixation of the reconstruction plate

Table 2. Drag finishing process parameters

No. 1 2 3 4

Process time [min] 90 90 90 90
Process time clockwise rotation [min] 45 45 45 45
Process time anti-clockwise rotation [min] 45 45 45 45
Rotor speed clockwise rotation[rot/min] 20 30 40 40
Holder contrary rotation [rot/min] —20 -20 —50 —50
Rotor speed anti-clockwise [rot/min] 20 30 40 40
Holder contrary rotation [rot/min] —-20 —-20 —-50 —-50
Immersion depth [mm)] 75 125 125 145
Drag finishing index Low Low Medium High
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Ra: 174159um
Rq: 14.0830um.
Rz 55.2004um

© ()

Fig. 6. Surface measurement: (a) vertical wall before DF, (b) vertical wall after DF (c) top wall
before DF, (d) top wall after DF

The surface roughness decreased significantly after the drag finishing process. The
Ra value of the vertical surface decreased from 9.1244 pm to 1.6382 wm (Fig. 6 a, b)
and the Ra values of the top surface decreased from 24.44 pmto 11.41 pm (Fig. 6 c, d).
The parameters for determining the surface roughness are defined in the ISO-4287-2010
standard [16]. Figure 7 represents the 3D surface topography of the vertical surface
before and after the finishing process (Fig. 7 a, b) and of the top surface before and after
the finishing process (Fig. 7 ¢, d) The parameters for determining the surface topography
are defined in the ISO 2518-2 standard [17]. The other values considered for both of the
surfaces can be found in Fig. 8.

s B
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Fig. 7. Surface topography before and after the finishing process of the vertical surface (a) (b)
and of the top surface (c) (d)
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Fig. 8. Surface roughness values before and after drag-finishing

Figure 9 a) shows a 3D representation of a portion of the reconstruction plate where
the internal structure is defined. The highest value for the diameter of the defect is
0.51 mm grouped at the smallest thickness of the reconstruction plate. The GOM Inspect
software is also able to identify the location of the irregularities and their exact distance
from the surface most of them are located at a distance of 0.8—1.4 mm from the surface
which means that they are grouped approximately at a half distance between the two
surfaces (Fig. 9 b).

T

T
%
e

(A) ®)

Fig. 9. CT scan representing the (a) diameter of defects (b) distances from the surface

Since the testing has been made on the part itself and not on a sample which has a
constant cross-section a load-displacement curve is graphed and not a stress-strain one.
The load-displacement curve (Fig. 10 a) shows that the maximum load that was applied
on the reconstruction plate before it broke was 402N and the highest displacement was
3.64 mm. The specimen breaks where the cross-sectional area is lowest (18.34 mm2) at
the first hole intended for fixation with screws (Fig. 10 b).
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Fig. 10. (a) Load displacement curve (b) place of rupture

4 Conclusions

In conclusion, the paper presented above opens up the gate to new possibilities of post-
processing additively manufactured parts accurately and in a short period of time. The
data acquired from the Alicona G4 microscope shows that if the right parameters are
used and the abrasive media is suitable for the processed part, drag finishing has more
than satisfactory results on the SLM-manufactured implant made out of pure titanium.
The surface topography indicates that most of the partially melted particles are gone after
the drag finishing process resulting in a more adequate surface. Two separate surfaces
are analysed, before and after the finishing process, and both are showing promising
surface roughness changes, the vertical wall’s Ra surface roughness decreases from
9.12 to 1.64 pm and the top side’s Ra surface roughness value decreases from 24.44
to 11.42 pm. The results are achieved by polishing the reconstruction plate four times,
each trial has a 90-min duration and in between two operations the rotational speed or
the immersion depth is increased for better results.

Furthermore, a tensile test of the reconstruction plate is completed on an Inova FU-
0-250-1620-V1 tensile test machine. The specimen is held in place by clamps at its
edges, and it broke after a displacement of 3.64 mm and a force of 403N.

To prevent any failure of the reconstruction plate, a computer tomography scan is
carried out to measure the internal porosity levels on a Zeiss Metrotom industrial scanner.
The GOM Inspect software is used to investigate the internal porosity, and the results
revealed an increase in porosity at one of the extremities where the reconstruction plate’s
thickness is the thinnest. The porosity’s volume, diameter, and distance from each surface
can all be determined and the dimensions range from 0.05 to 0.51 mm in diameter, 0.01
to 0.10 mm? in volume, and the distance from the surface ranges from 0.02 to 1.40 mm.
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