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ABSTRACT

Selective laser melting (SLM) is a new technique in fabricating cobalt-chromium denture framework. However, the
surface properties of cobalt-chromium denture framework fabricated using the aforementioned technique have not
been widely investigated. The aim of this paper was to investigate the surface roughness of cobalt-chromium alloy in
removable partial denture fabricated with SLM technique. Cobalt-chromium denture frameworks were fabricated
with two techniques (n = 10), the conventional lost-wax casting (conventional group) and SLM techniques (SLM group).
Specimens from the conventional group were subjected to the standard cobalt-chromium denture polishing protocols.
No treatment was employed for specimens from the SLM group. All specimens were subjected to surface roughness
measurement on polished and fitting surfaces using non-contact optical three-dimensional metrology and surface
roughness analysis machine (Infinite Focus Real 3D Alicona). Statistical analysis showed no significant difference in
surface roughness between the specimens from conventional and SLM groups (p > 0.05). There was no statistically
significant difference in surface roughness between the polished and fitting surfaces of SLM specimens (p > 0.05). Surface
roughness quality of the cobalt-chromium denture framework fabricated with the SLM technique is comparable to that
fabricated with the conventional lost-wax casting technique. The surface roughness of SLM fabricated cobalt-chromium
denture frameworks carries the same surface roughness quality between the polished and fitting surfaces.
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ABSTRAK

Lebur laser terpilih (SLM) adalah teknik terkini yang digunakan dalam menghasilkan dentur kobalt-kromium. Walau
bagaimanapun, masih kurang kajian yang dihasilkan berkaitan permukaaan dentur yang dihasilkan melalui teknik ini.
Tujuan penyelidikan ini ialah untuk mengkaji kekasaran permukaan dentur yang dihasilkan melalui teknik SLM. Dentur
kobalt-kromium dihasilkan menggunakan teknik konvensional dan teknik SLM (n = 10). Permukaan spesimen konvensional
dirawat menggunakan protokol asas penggilapan dentur kobalt-kromium. Tiada rawatan dilakukan untuk spesimen
daripada kumpulan SLM. Semua spesimen diimbas dengan mesin optikal pembacaan kekasaran permukaan (Infinite
Focus Real 3D Alicona). Tiada perbezaan nyata statistik didapati antara spesimen konvensional dan SLM (p > 0.05).
Tiada perbezaan nyata statistik antara permukaan licin dan permukaan adaptasi tisu untuk spesimen SLM (p > 0.05).
Kualiti permukaan untuk dentur kobalt-kromium yang dihasilkan melalui proses SLM adalah sama dengan dentur yang
dihasilkan melalui proses konvensional. Kualiti permukaan dentur kobalt-kromium yang dihasilkan melalui proses SLM
adalah sama antara permukaan licin dan permukaan adaptasi tisu.

Kata kunci: Dentur; kekasaran permukaan,; kobalt-kromium; lebur laser terpilih

INTRODUCTION for decades and has been on the list for prosthodontics

Prosthodontics is a branch in dentistry concerning treatment options apart from fixed bridge, crown, and
prosthetic restoration and substitution of missing intra implant treatment. Since 1839, modern denture base
oral and to some extent extra oral facial structures in order ~ Materials were developed from materials such as acrylic
to achieve masticatory function, comfort, and aesthetic. resin and cast metallic material such as cobalt-chromium,

Denture has been a viable option for these purposes hickel chromium based alloys, pure titanium, and titanium
alloys (Anusavice 2003).
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From the conventional method of fabricating cobalt-
chromium (Co-Cr) denture base where lost-wax casting
technique is utilised, advancement in the engineering
field has allowed for computerised and digitised
fabrication of Co-Cr denture framework using selective
laser melting (SLM) technique (Budak et al. 2012). This
has helped to overcome the drawbacks of conventional
technique, some of which are labour-intensive and time-
consuming (Koutsoukis et al. 2015). As denture framework
is an entity with close adaptation and interaction to the
human body and biological tissue, it is only wise that
Co-Cr denture framework fabricated using the SLM
technique is thoroughly investigated in all aspects SLM
this application is fully adopted in dental fraternity.

The mechanical properties of Co-Cr denture
framework fabricated using the SLM technique have
been investigated in many previous studies. For instance,
Alageel et al. (2018) has demonstrated that Co-Cr
denture frameworks fabricated using the SLM technique
had more precise fit and exhibited better fracture
resistance than those fabricated using conventional cast
technique. This corresponds to earlier studies on the
mechanical aspects, where it has been demonstrated that
Co-Cr alloy fabricated with SLM method exhibited high
strength and better brittleness properties (Jevremovic et
al. 2012; Kajima et al. 2016).

Besides mechanical property, other aspects that
require investigation are microstructure and surface
properties. Surface integrity plays an important role,
as the deficiency in surface integrity could become
the initiation point for fatigue cracking, wear, tension,
corrosion (Blunt & Jiang 2003), as well as microbial
retention that could lead to oral pathology (Budtz-
Jorgensen 1974), especially with dentures. Literature
confirms the abundance of studies that have well
demonstrated the association between surface roughness
and plaque and microbial accumulation (Bollen et al.
1996; Liu et al. 2018; Quirynen et al. 1990; Taylor et al.
1998; Verran et al. 1991).

In other studies, the surface properties of SLM-
fabricated Co-Cr were investigated (Hong et al. 2016;

Koutsoukis et al. 2015; Pupo et al. 2015; Takaichi et al.
2013). With optimum process parameters, it has been
confirmed that SLM fabricated Co-Cr had similar or
better properties than the casted counterpart (Koutsoukis
et al. 2015). Takaichi et al. (2013) demonstrated its
uniform and fine microstructure, while Hong et al.
(2016) confirmed similar roughness of the surfaces, as
demonstrated by Aydin (1991) and Taylor et al. (1998).
However, in all these studies the parameters used for
surface roughness measurement were in Ra unit.

As optical technology grew and areal surface
analysis became more popular (Leach 2011), a reference
for surface roughness for Co-Cr fabricated with SLM
technique in Sa measurement was deemed required
in the literature. This study investigates the surface
roughness of Co-Cr denture frameworks fabricated with
SLM technique in Sa unit measurement.

The objectives of this study were to determine
and compare the surface roughness of Co-Cr specimens
fabricated using SLM and conventional lost-wax casting
techniques, as well as to compare the surface roughness
between the fitting and polished surfaces of Co-Cr
frameworks fabricated using SLM technique. The clinical
significance of this study is to compare the surface
roughness of the end products of dentures fabricated by
both conventional and SLM techniques following the
fabrication and post fabrication processing to clinical
standards.

MATERIALS AND METHODS

The materials used for the construction of removable
partial denture frameworks consisted of Co-Cr alloys that
were specific for their purpose.

Co-Cr metal alloy ingots from Wironit® (Bego,
Bremen, Germany) was used in conventional lost-wax
casting group and Co-Cr metal alloy powder from SLM
MedDent (SLM Solutions Group, AG, Germany) (Breman
et al. 2012) was used for SLM group, both carrying a
slightly different composition, as shown in Table 1.

TABLE 1. The composition of cobalt chromium alloys in percentage

Component Cobalt Chromium Molybdenum Silicone Manganese Carbon Tungsten
Type
Ingot 64.0 28.5 5.0 1 1.0 <1 0
Powder 66.8 22.7 4.0 2 0.1 <1 4.4




PREPARATION OF Co-CR DENTURE FRAMEWORK USING
SLM TECHNIQUE

A stainless-steel master die (Figure 1(a)) was fabricated
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using CAD-CAM with the dimensions as indicated in
Figure 1(b), and it was scanned using a desktop 3D scanner
(Geomagic Capture®, South Carolina, USA).

The sample design was based on the work by

DETALs  DETALe

FIGURE 1. (a) Stainless-steel master die, (b) schematic design of master
die, and (c) STL design of master die

Alageel et al. (2018) and Swelem et al. (2014), in which
the experimental specimens that were studied for surface
characteristics were constructed to be in removable
partial denture design. This would simulate the clinical
application of Co-Cr alloy used in a clinical dental setting,
as opposed to flat specimens used in vitro.

The scanned data was obtained using an application
software (Geomagic Design X, 2016.1.0, United States)
and converted into an STL file and transported into a
CAD software (Autodesk MeshMixer software; version
3.2.37, California). A virtual block out of undercuts was
subsequently performed on the master die in the CAD
software. The framework design included virtual
relieving of both left and right saddle areas by 0.5 mm.
Meshwork of 0.6 mm thickness was designed on each
side of the saddles, followed by proximal plates on the
proximal areas of the abutments. Occlusal rests were
created on abutments, and finally, the major connector
in the form of a palatal strap of 0.6 mm thickness was
designed on the palatal area. The finalised design was
exported to another CAD software Magics, 3-matic®
(Materialise, Belgium), and support structures were
designed along the lateral margins of the polished
surface of the framework at an angle of 30°.

The resulting STL file of the framework design
was then sent to an SLM machine (SLM 280 HL, SLM
Solutions GmbH) for additive manufacturing of the
framework. Laser power of 170 W and scanning rate
of 760 mm/min were employed. Five removable partial
denture frameworks were fabricated. The support
structures were not removed from the samples due to no
interference with the areas of surface roughness analysis

was observed.

PREPARATION OF CO-CR DENTURE FRAMEWORK WITH
CONVENTIONAL LOST-WAX CASTING TECHNIQUE

Stainless steel master die was prepared for duplication
by first blocking out the undercut areas and relieving the
saddle areas (Figure 1(a)). Duplication was done with
agar, and upon setting, refractory investment material
(Wirovest®, Bego, Germany) was poured to produce a
refractory cast. The refractory cast was removed from the
agar after 45 min, then preheated to 250 °C for 30 min,
soaked in hardening agent, and air-dried to increase the
surface integrity. Five refractory casts were prepared by
the same operator.

The wax-up of the denture frameworks was
performed on individual casts (Figure 2). Wax patterns of
0.6 mm thick were laid on the palatal area for the major
connector, followed by the rests and minor connectors
to connect the major connector to the rests. Meshwork
wax was then applied on both saddles and chip-blowed
to achieve a smooth surface. Three sprues of 2.5 mm
diameter were

FIGURE 2. framework wax-up
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The refractory casts with wax patterns were
then flasked in mould rings and investment material
(Wirowest®, Bego, Germany) was poured into the ring.
They were left to set for more than 30 min. Prior to casting,
the moulds and crucibles were placed in the furnace
(Bego Fornax 35 EM, Bremer, Germany) for preheating
at 250 °C between 30 and 60 min. The temperature of the
furnace was then raised to a final temperature of 1000
°C and held for another 30-60 min. The Co-Cr ingots
were then placed in the crucibles and transferred to the
induction casting machine until the ingots were partially
melted. Subsequently, the mould rings were transferred
from the furnace into the casting machine and the casting
process started. Once casting was completed, the mould
rings were removed from the machine and left to bench
cool for 2 h. The frameworks were then devested and
subjected to sprue cutting with the carborundum bur,
sandblasting with 110 p silica particles, electropolishing

for 5 min with 12 V of electric current, followed by
polishing with rubber points, final polishing with bristle
brush and polishing lathe, and finally, buffed with cotton
brush. Five polished denture frameworks were obtained.

SPECIMEN ANALY SIS AND DATA COLLECTION

Frameworks were then subjected to surface roughness
analysis using a non-contact optical three-dimensional
metrology and surface roughness analysis machine
(Infinite Focus Real 3D Alicona). Surface roughness
was determined on four different points on the major
connector on each of the fitting (Figure 3(a)) and
polished surfaces (Figure 3(b)) of the denture frameworks.
These areas were selected to be as widely apart from
each other for better representation of the whole denture
surface. They were positioned towards the saddle areas,
as it was critical for these areas to exhibit smooth surface,
being close to hard tissue, which accumulates plaque more
so than the mucosal surface.

FIGURE 3. Red squares indicate points chosen for surface roughness measurement (a) Fitting
surface, and (b) Polished surface

The measurements were repeated three times for each
point. A data set was produced for every surface texture
analysis and the Sa value representing surface roughness
was taken and recorded in SPSS (SPSS Statistics V21;
IBM Corp, US). Statistical analysis was done in SPSS
and independent t-test was used to compare the surface
roughness. The statistical significance value was set at p
<0.05.
between the conventional casting and SLM specimens.

RESULTS AND DISCUSSION

The results of the independent t- test are summarised in
Table 2, which showed no significant difference (p > 0.05)
in the roughness of the polished and fitting surfaces

TABLE 2. Mean surface roughness (Sa) values of the fitting and polished surfaces of specimens fabricated by conventional casting
and SLM methods (n=5)

Surface roughness, Sa (pm)

Mean (SD)
SURFACE n Conventional SLM *p-value
Polished 5 31.06 (16.32) 30.24 (12.19) 0.217
Fitting 5 28.90 (10.57) 29.14 (11.68) 0.659

0.17

0.45




SD = standard deviation; underlined are p-values; *significance level was set at

0.05 using t-test
In addition, independent sample t-test was employed
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to analyse the difference in surface roughness between all
specimens fabricated by both methods of conventional
casting and SLM regardless of the surface. No significant

difference (p > 0.05) was found and the results are demonstrated in Table 3.
TABLE 3. Mean surface roughness (Sa) values of specimens fabricated by conventional casting and SLM methods regardless of
surfaces

Surface roughness, Sa (um)
Mean (SD)

Conventional

29.97 (13.61)

29.69 (12.15)

SLM *p-value

=
n
=

*n=10; significance level was set at 0.05 using independent t-test

Additive manufacturing, particularly the SLM
technique, has been introduced in the fabrication of metal
partial denture framework after rapid prototyping and
stereolithography have brought forth the manufacturing
of non-metallic parts from acrylic, resin, and plastic
materials (Dickens 1995).

Being a relatively recent application and realising
the fact that a dental prosthesis interacts with biological
environment and tissue, the requirement for denture
framework fabricated with this new technique to be
investigated is undeniable. A number of research is
available in the literature on the investigation of titanium
and nickel-chromium based denture framework and
dental prostheses (Bartolomeu et al. 2019; Hong et al.
2016; Revilla-Leon et al. 2018). However, the specific
focus on surface characteristics of Co-Cr denture
framework fabricated using SLM technique calls for
more investigation and publication.

This work investigates the surface roughness of the
Co-Cr denture framework fabricated with conventional
lost-wax casting technique and the recently introduced
SLM technique in Sa measurement. There was
no statistical difference (p > 0.05) obtained of the
roughness between these two types of specimens of the
conventional lost-wax casting and SLM groups.

Previous studies have shown the surface roughness
measurement of conventionally fabricated Co-Cr denture
frameworks in Ra measurement to be as low as 0.14 um
(Aydin 1991) in polished samples and 0.15 pm (Taylor
et al. 1998) to as high as 2.13 um (Taylor et al. 1998),
3.50 pm (Aydin 1991), and 13.39 um (Jang et al. 2001).
As for Co-Cr specimens fabricated with SLM, Pupo et
al. (2015) demonstrated Ra value of surface roughness
ranging between 4 and 15 um with different laser power

and scanning space settings. Hong et al. (2016) reported
Ra values of 1.3 to 21.5 pm with variable scan line
spacing parameters. These values are, however, not
suitable for direct comparison with the findings of this
study for the reason that Ra measurement employs a
different procedure of measurement compared to Sa type
of measurement used in this study. The areal method
of measurement deals with the average roughness value
obtained from a determined area as compared to a line
drawn on a surface in a linear measurement approach.

According to Whitehouse (2004), due to the optical
nature of optical measurement in which the angle,
resolution, and depth of focus are not adjustable without
affecting each other, surface roughness readings might
be affected for very fine surfaces. The optical method
might give a larger value for surface roughness than
that by the stylus method. Nevertheless, these two
measurement modalities should not be treated as correct
or wrong because they behave according to their own
physical laws and should be regarded as complementary
to each other.

In a study by Vorburger et al. (2007) attempting
to investigate the differences between the optical and
stylus methods of measuring surface texture, it was
found that the average differences between the Ra and Sa
measurements were less than or equal to 6 um. However,
the largest discrepancy was up to 75% of the Ra value.
Taking this paper as a reference and comparing the
mean Sa measurement obtained from this study to the
Ra measurement of surface roughness from other studies
(Aydin 1991; Jang et al. 2001; Taylor et al. 1998), it
could be inferred that the mean Sa readings of 29.97 um
(conventional) and 29.69 (SLM) carry the converted Ra
readings between 23.97-35.97 um and 23.69-35.69 pum,
respectively. These figures are comparably higher than
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Ra values of surface roughness obtained from other
previous studies (Aydin 1991; Jang et al. 2001; Swelem
et al. 2014; Taylor et al. 1998).

This work adopted Sa measurement for surface
roughness analysis instead of the Ra measurement which
is more prominent in the literature. Sa measurement
is considered a more recent parameter and came into
existence with the development of optical devices that
are used for surface analysis Vorburger et al. (2007) and
standardisation of areal surface texture measurement
that has been developed by ISO for geometrical product
specification.

Analysing the difference in surface roughness
between the same type of surface of denture framework
between specimens fabricated using conventional and SLM
techniques showed that there was no significant difference
obtained (p > 0.05). No pertinent study was found
available in the literature relating the direct comparison
of conventionally fabricated Co-Cr denture framework
to those fabricated with SLM technique with specific
regard to the surface roughness subject. Therefore, it
can be concluded that both techniques yield comparable
surface roughness quality.

Nonetheless, it has to be respected that different
process parameters produce different results with respect
to laser power, scan rate, and scan line spacing (Koutsoukis
etal. 2015; Takaichi et al. 2013). It was discovered that the
optimal laser power, scan rate, and scan line spacing for
smooth surface formation were 200 W, 128.6 mm/s, and
100 pwm, respectively, for Co-Cr alloy by Hong et al. (2016),
and 400 W laser power and 450 pum scan spacing by Pupo
et al. (2015). In another study, parameters that had been
determined for SLM fabricated nickel chromium alloy
were 200 W for laser power, 98.8 mm/s for scan speed,
and 60 pum for scan spacing (Hong et al. 2018).

The analysis between the polished and fitting
surfaces of the SLM specimens was conducted with
independent sample t-test analysis. It is known that cast Co-
Cr exhibits many microstructural variations (Koutsoukis
et al. 2015; Takaichi et al. 2013), therefore, it is important
to determine if any variation in the surface quality was
present within the SLM specimens. It was found that
there is no statistical difference (p > 0.05) in the surface
roughness between the polished (30.24 um—X) and fitting
surfaces (29.14 pm-X") of the SLM specimens. This
observation corresponds to another study by Takaichi et
al. (2013) with regard to the uniformity of surface quality
for Co-Cr specimens fabricated with SLM technique. It
has been demonstrated by optical microscopy images
that in SLM Co-Cr specimens observed in transverse cross
section from build direction, fine lamellar elongated to
the build direction was observed. This phenomenon is

related to the previously mentioned process parameters,
as differences in input energy results in differential
melted and densified zones will affect the porosity or
density of the microstructure (Takaichi et al. 2013).

CONCLUSION

Within the limitation of this study, it is concluded
that the surface roughness quality of the Co-Cr denture
framework fabricated with the SLM technique is
comparable to that fabricated with the conventional lost-
wax casting technique. The surface roughness of SLM
fabricated Co-Cr denture frameworks carry the same
surface roughness quality between the polished and
fitting surfaces.
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